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ABSTRACT

Single-edge, semi-circular notched specimens of Al
2024-T3, 2.3 mm thick, were cyclicly loaded at R-ratios of 0.5,
0.0, -1.0, and -2.0, as part of an AGARD-sponsored, round-robin
test program. The notch roots were periodically inspected using
a replica technique which duplicates the bore surface. The
replicas were examined under an optical microscope to determine
the initiation of very short cracks and to monitor the growth
of short cracks ranging in length from a few tens of microns to

the specimen thickness.

In addition to short crack growth measurement, the crack
opening displacement (COD) was measured for surface cracks as
short as 0.035 mm and for through-thickness cracks using the
Interferometric Strain/Displacement Gage (ISDG), a laser-based
optical technique. Two very small indentations were placed
across the short crack and illuminated with a laser. This
formed interference fringe patterns which could be monitored to
measure the relative displacement between the two indentations.
The resulting load-COD data were then analyzed to determine the

closure load.

Cracks initiated mostly at the inclusion particles, and
the initiation cycles were in reasonably good agreement with
values predicted from the Manson-Coffin relation. The growth
rates of short cracks were faster than the long crack growth

rates for R-ratios of -1.0 and -2.0. No significant difference

ii



between short and long crack growth rates was observed for R =
0.0. Short cracks had slower growth rates than long cracks for

R = 0.5.

The crack compliances show a linear relationship to the
surface crack length, without regard to R-ratio or applied
stress level. The crack opening stresses measured for short
cracks were smaller than those predicted for large cracks, with
little difference appearing for positive R-ratios and large

differences noted for negative R-ratios.

A considerable improvement in agreement of long and short
crack growth rates was achieved for negative R-ratios when the

closure effect was considered.
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I. INTRODUCTION

Fatigue has been studied in order to predict the exact
life of engineering structures and components. The fatigue life
can be categorized into three periods: microcrack initiation,
propagation of the microcrack to detectable size, and
macroscopic propagation. From an engineering point of view, the
first two periods are generally classified together as a period

of engineering-size crack initiation.

The total fatigue life, in an engineering sense, can be
measured by the number of crack initiation cycles and the
number of propagation cycles until final failure. The
initiation cycles can account for a large portion of the
fatigue life of many engineering materials, especially for
commercial aluminum alloys, where initiation cycles may
constitute up to 90% of the fatigue 1life [1,2]. This fact alone
addresses the imporéance of studying the behavior of

initiation-related small crack problems.

Considerable emphasis has been placed on the study of
small crack problems in recent yéars, not only because small
crack behavior determines the fatigue life of many engineering
materials but also because the growth rates of small cracks
differ from the predictions of conventional linear elastic
fracture mechanics (LEFM). In LEFM, crack growth rates depend
only upon the value of the stress intensity factor range, K,

when the plastic zone is small with respect to all other length



dimensions and provided plane strain conditions are met. But
small cracks usually appear on the surface of the specimen;
this violates the condition of plane strain. Also, small cracks
are not long enough to satisfy the plastic zone condition. The

maximum plastic zone, r

max > ¢a@n be estimated using the maximum

stress intensity factor, Khax> based on Irwin's relationm,

1 Knax 2

Tmax = 5 | - } (1.1)

where Oy is the flow stress, which is taken as an average value

of the yield stress, g, , and the ultimate strength, oy- Even a

y

crack that is short in the engineering sense can be analyzed
based on LEFM if it is long enough with respect to the size of
" the plastic zone. Small cracks can be categorized in regard to
these considerations in the following manner.

(a) Small cracks which are not long enough for
continuum mechanics and LEFM to apply are called
microcracks.

(b) Small cracks which are long enough to use LEFM
are called physically short cracks, or simply short
cracks here. Typically these cracks are 0.5 - 2 mm
long.

A typical value of r - for the specimen used in this study, Al

ma

2024- T3, is approximately 0.05 mm, with Kmax = 8 MPa and gy =

427 MPa.

Many researchers [1,3-12] have observed that small cracks
show faster growth rates than those predicted from long crack
data. But for some materials in some experiments [13,14], no

appreciable difference between the growth rates of small and



long cracks has been observed. Also, the growth behavior of
microcracks is influenced by microstructural features such as
grain orientation and grain boundaries, limiting the usefulness
of a continuum mechanics approach. Several investigators
[4,5,15-20] showed that propagation of microcracks was retarded

or even halted as a crack front reached a grain boundary.

Many attempts have been made to analyze small crack
behavior by modifying the concept of LEFM. Several researchers
[21-26] have proposed that the difference in fatigue growth
behavior of the long and the short crack is mainly due to the

closure effect. When the crack opening stress, §

bp is higher

than the minimum stress, ﬁnin , the effective stress intensity

range, AKeff , Wwill be

AReff = Smax - Sop AK (1.2)

Smax - Smin

If a smaller opening stress is observed in fatigue growth, the
effective crack driving force, AR ff s Will be larger than the
driving force with a larger opening stress, and faster crack

growth is expected.

Considering that most cracks emanate from notches in the
specimens, the local plasticity due to a notch must be
accounted for in an analysis of small crack behavior. Notch
plasticity due to applied tensile load will induce a
compressive residual stress, 9rs, at the notch root. Then the

local effective stress intensity factor range,AkKeff’1Qcal,



will be reduced by the amount of oyg from AKogf when there is

no residual compressive stress:

AReff,local * { Omax- ors - Sop} (1.3)

where opax is the local maximum stress. One investigator [17]
observed that the growth rates of small cracks are slower when
compressive residual stress is present. Other experiments
[27,28] showed that the growth rates of small cracks
propagating inside of the notch plasticity decrease
progressively until they arrest or merge with the long crack

curve.

As reviewed above, the anomalous growth behavior of small
cracks may result from complications due to several mechanical
and metallurgical causes, such as crack closure, local

plasticity, and microstructural effects.

To validate the existencé of the small crack effect, NASA
has sponsored a round-robin test program in which 14
laboratories are participating. In the study recorded here, as
part of this round-robin program, the growth rates of small
fatigue cracks from a semi-circular notch were measured using
the replica method for different R-ratios. The closure behavior
of small cracks was observed for various R-ratios and gross
stress levels. The closure loads were determiﬁed from the load
versus crack opening displacement (COD) data, which were
obtained using the computer-controlled, laser-based,

Interferometric Strain/Displacement Gage (ISDG). In addition,



crack initiation was analyzed and the closure effect on the

growth rate was examined.

In this thesis, the definition of "small crack" as it is
presented in other works will be reviewed. Various phenomena of
small cracks, such as the microstructural effect, differences
in the growth behaviors of small and long cracks, the notch
plasticity effect, and the closure effect will be discussed as
they have been documented in other investigations. Also, the
small crack closure measurement techniques described in Section
IT, Background, will be examined. In Section III, Experimental
Procedure, material properties and specimen geometry will be
introduced. This section also contains a description of special
fixtures which allow accurate specimen alignment and
application of the load without any bending effects. A further
explanation of the experiment includes details of the loading
conditions, measurement procedures used to observe crack growth
behavior, and measurement of the crack closure with the ISDG

technique.

The results of the crack growth measurements, including an
analysis of crack initiation and crack shape as well as a
discussion of the changes in short crack growth behavior in the
notch relative to changing R-ratios, will be presented in
Section IV, Results and Discussion. Results of COD measurement
will be given and the crack compliances obtained from the
COD-load curve will be discussed as a function of crack length.

Since crack closure is known to be an important factor in the



growth behavior of short cracks, the effects of crack length
and R-ratio on crack closure will be examined. Finally, the

effect of closure on the crack growth rate will be discussed.

In Appendix I, the equation used in calculating the stress
intensity factor for short cracks on the notch root and
detailed procedures for replicating the surface of the notch
root will be described. Measurement of notch displacement using
the ISDG and the analysis of notch stress-strain from these
measurements will also be presented. The procedure for aligning
specimens and fixtures on the test machine will be described,
and the check data using a stain-gaged specimen to confirm the
alignment will be presented. In addition, representative
computer programs are listed which may be used for measuring
COD with the ISDG technique, for determining the opening loads,
and for calculating and plotting data on the growth rate -

stress intensity factor range.

All data resulting from each test, including a listing of
test conditions, drawings of crack maps, a plot of the growth
rate - stress intensity factor range, and the micrograph of the

fracture surface, are attached in-Appendix II.



II. BACKGROUND

IT-1. Definition of Small Crack

Taylor and Knott [4] defined a crack as "small" when the
crack length is less than a certain critical length. In their
experiments with a cast nickel-aluminum-bronze material, which
had a very coarse microstructure (grain size = 100 microns),
cracks larger than 300 um were observed to have the same
propagation characteristics as long cracks. They also observed
that the critical crack length for small crack behavior was

correlated with the scale of the microstructure.

Lankford [5] hypothesized that the rapid average growth of
small cracks might be a consequence of the large size of the
crack tip plastic zone relative to that of the crack itself. He
examined the relationship between the ratio of the plastic zone
size to the crack length in order to deduce the criteria for
the microcrack behavior, a faster growth rate than that of the
long crack. However, he did not find a clear relationship

between this ratio and the microcrack behavior.

Suresh and Ritchie [29] defined short cracks in the
following way: either 1) the length of the crack is small
compared to relevant microstructural dimensions, 2) the length
is small compared to the scale of local plasticity, or 3) the
crack is simply physically small. The first category limits the

usefulness of continuum mechanics; the second group limits the



use of LEFM in the analysis of their behavior; and the third
category represents only the size of the crack length, i.e.,

typically smaller than 0.5-1 mm.

The short cracks which are divided into these three
categories have been shown to propagate more quickly than
corresponding long cracks under the same nominal driving force.
But Leis and Forte [14] showed that even physically long
cracks, i.e., as large as 2.5 mm in the aluminum alloys and
1.25 cm in steel, also exhibit different growth behavior

compared to longer-crack trends.

These facts indicate that the cracks are to be called
small (or short) when their behavior is shown to be different
from the behavior predicted by long crack data (or LEFM
analysis). But a definition can not be made simply by using an
arbitrary value as the standard. Small crack behavior depends
on the material, the geometry of the specimen, and the test

environment.



I1-2. Initiation and Growth of Small Fatigue Cracks

It has been observed that fatiéue cracks initiate at
surface inclusion particles or near inclusions in commercial
aluminum alloys. Boules and Schijve [30] observed that large
inclusions (second-phase particles, size 1-10 microns) were the
source of most crack nucleations in the material Al 2024-T3.
Also in these experiments, the material was stretched between
4-6% strain to produce cracked inclusions. Then heat treatment
was used to remove residual stresses around the cracked
inclusions. After cycling this strained material, Boules and
Schijve found several microcracks; some of these cracks

initiated from the cracked inclusions.

Pearson [l1] performed experiments on aluminum alloys to
examine the initiation of fatigue cracks on a planar, polished
surface and the subsequent gréwth of very short cracks. He
found that cracks initiated at an edge or, most frequently, at
a surface inclusion away from an edge ("center" crack). He
determined that the edge cracks initiated at very small
mechanical imperfections which might remain from the polishing
process, and he observed that the center cracks always

initiated at a surface inclusion.

Pearson concluded that initiation of a a fatigue crack on
a this type of surface made from aluminum alloys DTD 5050 and
BS L65 occurs either through tensile cracking at the interface

between a surface inclusion and a matrix or by tensile cracking
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of the particles themselves. Also, he saw that the crack front
of a short center crack was appoximately semi-circular in
shape. The mean crack growth rate in the early stages of growth
was observed to be much faster than those predicted from long
crack data, and the crack propagation curve tended towrds that
for the long crack when the crack depth was greater than 0.127

mm.

Swain and Newman [31] experimented on Al 2024-T3 sheets
with double edge notches to study the initiation and growth of
small cracks (5-500 microns). They noted that cracks initiated
either at inclusion clusters or at one or both notches along
the bore of the notch rather than at the corner. The inclusion
particles were fragmented and formed clusters during the
rolling process. The data showed that small cracks grow at
stress intensity factor ranges substantially less than the
threshold stress intensity factor range obtained from large

cracks.

A number of recent studies have demonstrated that small
cracks behave differently than large cracks. This appears to be
the case when small cracks are analyzed using the concepts of
conventional fracture mechanics. Pearson [1], Swain and Newman
[31], Leis and Forte [14], de los Rios et al [19], Saxena et al
[8], Lankford [5], Taylor and Knott [4], Tanaka [26], and Brent
et al [22] showed for various materials that the small crack
grows faster than the long crack, based on the parameters of

LEFM. The researchers observed that the small crack grows
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faster especially below the long crack fatigue threshold stress
intensity factor range. But in the experiments of Leis and
Forte [14], short cracks grew faster than long cracks in tests
above the long crack fatigue threshold values; even crack
lengths greater than 2.5 mm in aluminum alloys were observed to

grow in a manner similar to that of physically short cracks.

Leis and Forte also noted that there was no apparent
anomalous behavior in the initial growth rates of physically
short fatigue cracks which initiated from notches. They
attributed this similarity in behavior between physically short
and long cracks to notch plasticity, which may lead to a
constant or decreasing driving force for crack growth until the
crack nears the elastic-plastic boundary of the notch field.
Other investigators have suggested that anomalous small-crack
behavior at notches might be very different from behavior for

smooth specimens if notch plasticity was developed.

Leis and Gallihe; [32] observed crack growth behavior for
cracks as small as 25 microns emanating from circular notches
in Al 2024-T351 specimens. They found that the corner cracks
began with a fast growth rate, then slowed their growth; an
increase in the growth rate would follow, approaching the rate
of the long crack, when the cracks grew in inelastic regions of
the notches. In all cases, the trend shifting from a decreasing
to an increasing rate was observed to correlate with the
transition of a crack from a corner to a through crack. Leis

and Galliher considered this shift as the result of an
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inelastic displacement-controlled notch field.

Later, Leis [33] analyzed his pPrevious experiment [32]
using two postulates: that inelastic action due to the notch is
a major cause of the short crack effect, and that the local
value of R is controlled by both the notch field and, to some
extent, the crack length. He described crack growth in notches
in terms of three categories. The crack tip and its plastic
zone are (a)beyond the notch field, (b)beyond the inelastic
field but within the elastic field of the notch, or
(c)contained within the inelastic field of the notch. To
analyze the third group, he applied a pseudoplastic form of the

stress intensity factor,

AgPe= e (2.1)
where 5 . is the stable strain range in the material element
at the crack length of interest. This relation implies that the
crack driving force is under a displacement-controlled field.
Leis also formulated the effective pseudoplastic stress

intensity factor range:

Smax - Sop

Smax - Smin

(2.2)

Results from this analysis agreed reasonably well with
experimental data. He concluded that the local notch plasticity
and crack closure were a major cause of the so-called short

crack effect.
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Saxena et al [8] performed experiments on small fatigue
crack behavior at notches in an environment consisting of wet
hydrogen plus air. They examined the growth of cracks with
lengths less than 0.76 mm and observed a dependency of growth
rate on cycling frequency in the hydrogen environment. The
small cracks grew faster than long cracks at 10 Hz; but at less
than 10 Hz, small cracks grew at a rate comparable to that of
the long cracks. Also, the trend noted earlier of a shift from
decreasing to increasing rates was shown in a plot of growth
rate versus AK for the small cracks grown faster than long
cracks. This trend did not appear to relate to the notch

plasticity.

Microstructural effects must be considered when examining
the behavior of small cracks. The behavior of microscopically
small cracks can be summarized in terms of deceleration or
retardation of growth through interactions with microstructural

features, such as grain boundaries [4,5,15-20].

Morris et al [17] proposed a model to predict early crack
growth in the Al 2219-T851 alloy as a function of both crack
length and the location of the surface crack tips relative to
the grain boundaries. The researchers observed that the crack
growth rate was at a minimum when a crack tip enters into a new
grain. In the model, the closure stress, g.., was considered as

a function of the distance from the tip to the grain boundary:

occ _ aZo

Omax - 2C (2.3)
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where opmax is the maximum applied tensile stress and %z, is the
distance from the crack tip to the next grain boundary.
Equation 2.3 shows that the closure stress reaches a maximum
when a crack enters into a new grain; the equation agrees with
the crack growth behavior in the experiment conducted by

Morris' group.

In Larsen's experiment [13], which measured the growth of
small fatigue cracks in Ti-6A1-2Sm- Zr-6Mo material, he showed
that small cracks propagate faster than long cracks. Also,
interestingly, he observed that retardation of the growth rate
appeared at several points, not just at one point as other

papers have shown.
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IT-3. Crack Closure and Its Effect on the Growth of Small

Fatigue Cracks

Crack closure has been studied as an important factor in
the accurate prediction of fatigue crack growth rates. If the
opening stress, Sop (or closure stress), is higher than the
minimum applied stress in fatigue cycling, Smin, then the
effective stress range, ASeff, is

(2.4)
ASeff = Smax - Sop

The crack growth relationship will be written as follows.

da (2.5)

n

where AKeff is proportional to AS eff

Several mechanisms have been suggested for the crack
closure. They are (a)plasticity induced closure, (b)oxide

induced closure, and (c)roughness induced closure.

Plasticity induced closure, as first proposed by Elber
[34], is due to the residual tensile deformation which follows
in the wake of a fatigue crack. It is often stated [29,35] that
plasticity induced closure is operative in a dominant role
under plane stress. The plane stress implies that the plastic
zone of the crack is large while the thickness of the specimen
is small. Banerjee [36] showed that even in a thin specimen,
the stress present at low ratios of stress intensity factor to

yield stress need not be plane stress.



16

Newman [37] proposed a crack closure model based on the
plasticity induced mechanism. He modified the Dugdale model to
leave plastically deformed material in the wake of the
advancing crack tip. He showed that the crack growth law
predicted with the proposed closure model agreed quite well

with experimental data for long cracks.

Oxide induced closure is generally considered to play a
major role only in specific combinations of material and
environment. The oxide induced closure mechanism applies
particularly in situations where plasticity, the maximum stress
intensity factor, and the crack growth rate are very small

[35].

It has been suggested [38] that the roughness induced
closure mechanism is encountered in situations where the
@?ximum plastic zone is very small (less than the grain size).
In such a situation, crack extention occurs through a single
slip system which creaﬁes zig-zag fracture paths, resulting in
significant mode II displacement. This mode II displacement
would be important in the development of roughness induced
closure. In this sense, roughness induced closure may be more
relevant to small fatigue cracks than to long cracks because
small cracks exhibit a limited wake of plasticity. McCarver et
al [11] and Morris et al [39] have proposed a model which shows
the importance of roughness induced closure in small fatigue
cracks. The contribution of oxide induced closure of small

cracks remains unclear.
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Breat et al [22] and Liaw et al [40] suggested that small
crack closure is associated with residual stress along the
crack due to cyclic loading and fracture surface roughness due
to zig-zag fracture paths. James' [23] analysis of short crack
closure focused on plasticity induced closure in the wake of
the growing crck tip. However, decreasing crack size will cause
the closure to decrease without regard to plasticity or
roughness, because a smaller crack length means decreasing the
wake around the crack tip and the contact area of fracture

surfaces.

Several investigators, including Breat et al [22], James
et al [10], and Tanaka et al [61], observed a decrease in crack
closure as the crack length decreases. But Larsen [13] showed
in his fatigue experiment for physically short cracks in a
certain material that crack closure did not increase

consistently as the crack grew.

Many researchers have attempted to explain the difference
in growth behavior of small and long cracks using closure.
Morris [16] proposed a microstructural model to fit the
empirical closure data, suggesting that the closure stress is a
function of the distance of the crack tip from the next grain
boundary. Morris et al [17] created the growth rate model to
predict growth of microstructurally small fatigue cracks. They
showed that the crack growth was at a minimum when the crack
entered into the next grain and that the closure stress value

was at a maximum in this situation.
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Tanaka [61] and Breat [22] measured the growth behavior of
small fatigue cracks and compared the results with long crack
data. When the growth rates were plotted against the effective
stress intensity range, Xeff, so that
(2.6)

AKeff = Kmax - Kop

the growth rates of short and long cracks were in agreement.

Liaw [40] re-analyzed data from other experiments and
offered an explanation of small crack retardation and the
difference in growth rates compared with large cracks. The

explanation involved crack closure.

Leis et al [51] reviewed the problem of short fatigue
cracks. They stated that short crack problems could be ascribed
to a wide range of factors: violation of the limitations of
LEFM, incomplete implementation of LEFM, and transients due to
initiation. They also determined that phenomenological data do
not clearly indicate which factors are of cénsequence and why.
This anomolous behavior of the short crack is attributed to a
lack of mechanical and metallurgical similitude. Leis et al
concluded that the short crack effect arises primarily because
of crack tip plasticity, transients from the initiation
process, and incorrect implementation of LEFM. They also
emphasized the contribution of local closure to the short crack

effect.
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II-4. Measurement Techniques for Closure in Small Cracks

The techniques used in measuriﬁg the closure behavior of
long cracks -- the clip gage, the strain gage, ultrasonics, and
the potential difference technique -- generally are not
available for short cracks. Special methods must be applied in
monitoring small crack closure; these methods must provide
sufficient resolution and be easily adaptable to the shapes and

geometries of small cracks.

Morris et al [42] measured closure stress on surface
micro- cracks with lengths from 70 to 90 microns using scanning
electron microscopy (SEM). They measured crack opening
displacement with 30,000X magnification at each successive load
to take crack compliance data. The crack closure load was
determined from the break point in the linear relationship
between crack opening and appiied stress. James et al [43] used
the same method as Morris et al [42] in measuring the closure

load for crack lengths from 600 to 1,000 microns.

Zeiken et al [44] measured mean closure loads on a
through-edge crack with a length of 500 microns using a
back-face strain technique. This technique developed in another
experiment [45] determined a closure load from the point where
the resulting elastic compliance curves of load versus relative

strain deviated from linearity.
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Breat et al [22] measured bulk closure load on through-
edge cracks with lengths of 300 to 600 microns using a clip
gage extensometer. Crack closure was determined from a

P - (aP-§)plot where «a was selected in such a way that the

linear part of the P-§ curve above Pop was vertical.

Sharpe [41] developed a laser-based interferometric
technique; Sharpe and Lee [46] described its use in measuring
crack opening displacement. His technique has a very short gage
length (a few tens of microns) and high resolution (0.02
micron). The crack compliance data was obtained from the crack
opening displacement and closure load was determined by a
"reduced data method" which is widely used in closure
measurement. Larsen [13] applied a similar technique in
measuring the closure load on surface cracks as small as 37

microns.

Williams et al [47] developed a stereo-imaging technique
to monitor the crack tip strain field. This technique measures
displacement with an accuracy of 0.04 micron at 1,000X
magnification. It can be useful in measuring the behavior of

small cracks.

All of the preceding techniques have been used to measure
short crack closure. However, typical bulk techniques, such as
a notch-mouth clip gage or a back-face strain gage (BFS), must

be used very carefully when taking surface measurements.
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A major problem in the use of compliance methods to
determine the crack-opening point involves the exact position
of the point at which the compliance is changed, as shown in
Figure II-1. James et al [48] indicate that even in long-crack
measurements (10-20 mm), when using the BFS (which has about
twice the sensitivity of a notch-mouth clip gage) the change in
compliance corresponding to the critical 100 microns behind the
crack tip is only on the order of 2% for a/w = 0.4. Such a
small change is extremely difficult to detect experimentally
and the opening point is likely to be underestimated. Better
resolution in determining the crack-opening point can be
obtained by incorporating an offset elastic displacement
circuit into the compliance measurement system. An offset
displacement system is defined as

5° = S5 -ap (2.7)
where a is chosen such that §' is zero once the crack is fully
~open. With this method, the detectable crack length can be as

small as 50 microns.

Techniques involving a SEM or laser-based interferometry
are much more useful in measuring the small crack's behavior
because they can measure crack oéening displacement directly on
the crack surface. Then the sensitivity in measuring the
displacement is very high and the compliance change can be seen

more clearly than is possible by the bulk technique.
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II1I. EXPERIMENTAL PROCEDURE

II1-1. Materials and Specimens

The material used in this study was Al 2024-T3, an
aluminum alloy which is widely used in the structures of
airplanes. The stress-strain data of this material were found

for monotonic and cyclic cases as follows [49].

s = E e for e £ ey
s =Kel for e1s.e £ e)

(3.1)
s = K e2 for e > es

where s is the stress in MPa
E is the elastic modulus in MPa
e is the strain
K, and K, are the material constants in MPa
n;and njare the power hardening coefficients

The following values were found for monotonic and cyclic
cases.
E K4 Ko e en nj ns

Monotonic 73100 1013 431  0.0047 0.006 0.2 0.032
Cyclic 73100 5135 917 0.0049 0.0071 0.499 0.15

The specimens, which had a stress concentration factor of
3.17 (detailed in Appendix I-C), were supplied by NASA Langley
Research Center and manufactured at Wright-Patterson Air Force

Base. The material had a yield stress of 359 MPa and an
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ultimate strength of 496 MPa [31]. The specimens had the single
edge-notched geometry shown in Figure III-1. They had been
chemically polished to remove the possible residual stress due
to machining. They had also been given number labels; the same
numbers were used in this study. Further preparation of the
notch surface was carried out before the tests. The notch area
was cleaned with acetone and etched with Keller's etchant for
25 seconds. Etching removed a very thin layer of material and

revealed the grain structure, as shown in Figure III-2.

III-2. SPECIMEN FIXTURES

The loading conditions in this study included
tension-tension conditions as-well as tension-compression. The
specimen fixture had to be carefully designed, and a procedure
for aligning the specimen was developed so that the loading

could be carried out without any bending or torsional effects.

As shown in Figure III-3, the devices include two base
fixtures and two grip sets. The base fixture was constructed
with a spherical joint, by which the parallelism of the base
fixture to the test machine table (refer to Figure III-3) could
be adjusted, and a mechanism which could raise a small block to
contact with the specimen end for compressive loading. The base

fixtures used in this experiment were made for a previously
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Figure III-1. Dimension of the specimen with a single-edge notch

Figure III-2. Micrograph of typical grain structures of
AL2024-T3 material
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conducted test. Only the specimen grip sets were made for this
study. Figure I1I-4 shows the shape and dimensions of the grip.
Part of the grip set was aligned and fixed to the base fixture.
The other part of the grip set could be loosened to insert a
specimen. The procedure of aligning fixtures and specimens is

described in detail in Appendix I-D.

Three bolts were used at each end of the specimen to hold
the specimen in place. The plastic (PMMA) spacers were used to

prevent cracking in the gripping area.

For the compressive load tests, anti-buckling guides were
made as shown in Figure III-5. To avoid unneccessary effects,

the guides were not fastened tightly during the tests.

III-3. TEST SCHEDULE AND LOADING PROCEDURES

Test conditions were specified by NASA as part of an AGARD
round-robin test program. The conditions are listed in Table
III-1. Loading was to be performea under constant amplitude
conditions at four different R-ratios: 0.5, 0.0, -1.0, and
-2.0. Three different stress ranges were carried out for each
loading, and two specimens were tested for each stress range.
For each pair of specimens, one specimen was tested and data on
crack length against cycles were recorded until a crack grew

all the way across the notch root. The purpose of this



31

procedure was to obtain information on crack growth. The other
specimen in the pair was tested until the crack length was less
than 0.5 mm along the bore of the notch in order to examine the
small crack characteristics. A total of 24 specimens were
scheduled to be tested, all randomly selected for each test
condition. Loading was performed using a MTS electro-hydraulic
test machine with a capacity of 20 kips. The wave form for
fatigue loading was sinusoidal, and the wave frequency was 20

Hz.

The crack lengths were monitored by a replica technique at
regular intervals during the cycling; crack opening
displacements were measured by ISDG technique at the end of
each test. If a test was halted during fatigue cycling, the
minimum load was maintained at the same or a higher value than
the minimum load in the test to prevent excessive residual

stress due to unloading.

For all tests, where the applied stress is less than zero,
anti-buckling guides were used. All tests were conducted under

laboratory air and room temperature conditionms.
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TABLE III-1
TEST SCHEDULE

Stress ratio, Maximum Gross Specimen *Estimated Fatigue
R Stress,Smax(MPa) Number Life (kilocycles)

225 A-54-04 50
A-65-07

0.5 205 A-71-05 130
A-68-22

195 A-71-05 500
A-59-13

145 A-52-03 50
A-51-16

0.0 120 A-82-16 130
A-59-30

110 A-57-14 500
A-80-28

105 A-55-27 50
A-67-08

-1.0 80 A-65-24 150
A-72-07

70 A-55-08 200
A-83-23

75 A-52-21 20
A-74-20

-2.0 60 A-75-16 60
A-84-20

50 A-80-11 250
A-68-05

* Number of cycles required for the longest crack length,
through the thickness of the specimen [49]
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I11-4. CRACK LENGTH MEASUREMENT

The crack growth along the bore of the notches was
monitored using the acetate replica method described in
Appendix I-B. The replica technique has several advantages in
this application, particularly in measuring small cracks:

a) The sheets of replica can be stored permanently so
that they can be examined again at a later time to
find the smaller cracks.

b) The surface of the bore of the notch can be
thoroughly examined, even the area far from the

center of the specimen which is very difficult to
observed directly with a regular microscope.

The fatigue loading was interrupted periodically to take
the replicas. In general, 25-30 replicas were taken during a
longer test, which was continued until a crack grew through the
specimen. The interval between replicas differed between
specimens. It was chosen base& on the estimated fatigue life;
i.e., every two kilocycles for the life less than 50
kilocycles, every five kilocycles for the life between 50 and
200 kilocycles, and every ten kilocycles for over 200

kilocycles.

The replica was taken at 80% of maximum load because the
cracks were expected to be fully open at this point. Each
replica was taped on a microslide and observed with an optical

microscope at either 200X or 400X magnification.
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III-5. CLOSURE MEASUREMENT

Crack opening displacements (COD) were measured using a
laser-based interferometric technique. Only a brief discusssion

will be included here; for more details, see reference 41.

The Interferometric Strain/Displacement Gage (ISDG)
technique is especially useful in the study of small cracks,
since it has a very small gage length, from 20 ym to about 100
um, and can measure the relative displacement with a resolution
of approximately 0.02 micron. Two small indentations were
placed across a short fatigue crack with a Vicker's
microhardness tester, as shown in Figure III-6. When these two
indentations are illuminated with a laser, interference fringe
patterns are produced. As the indentations move away from each
other, the fringe patterns also move, and this motion is easily
associated with the relative displacement, Ad:

ATu+p ™ A

Ad =
5 sin o (3.2)

where 5 is the wave length of the laser and ag 1s the angle
betweem the incident laser beam and the reflected pattern. amy
and pmj are the relative fringe motion of the two patterns in
the plane containing the axis of measurement. ; is equal to

632.8 nm for the He-Ne laser used in this experiment, while o

A

is approximately 429, Thus the calibration factor, -
sin &g
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a. Indentations were placed with a spa
crack (400x)

b. Indentations were placed with a spa
thickness (2.3mm) crack. (200x)

Figure III-6. Typical micrograph

cing of 20 um across a 35 um long

cing of 75 um across a through-

of indentations across a crack
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is about 1 micron. While the ISDG technique has been used for
COD measurements on flat specimens, some changes were required
to enable COD measurements along the bore of semi-circular

notches in a long specimen.

Spurious reflections from the semi-circular region which
interrupted the interference fringes were eliminated by
spraying the entire notch area, except for the immediate area
around the crack, with flat black paint, as shown in Figure
III-7. A large rigid body motion due to the greater elongation
of a long specimen moved the indentations out of the incident
laser beam as the load was applied. The problem was solved by
rewriting the loading and data acquisition programs to allow
read justment of the laser beam. The loading and data

acquisition programs are listed in Appendix I-E.

Closure loads were automatically determined from COD
versus load data by a compute; program, which is listed in
Appendix I-E. It is recognized that highly accurate values for
closure loads are not easily determined. Closure loads can be
defined with reasonable accuracy by using a reduced data method

[46,48,50].

A typical example of this method is shown in Figure III-8.
A least-square line is fitted to the upper linear portion of
the COD curve. In the linear portion, it is assumed that the
crack is fully opened. The reduced data are obtained by
subtracting values of the fitted line from the original data.

Then the closure load is defined at the point where the reduced



Figure III-7.

Black paint spray on the notch root except the
crack area to prevent spurious reflection of
laser beam

37
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data become zero. It is too ideal a case to pick the point
where the data are exactly equal to zero because the linear
portion of the original data is not perfectly linear. It is
more reasonable that the closure load be determined at the
point where the deviation of the reduced data becomes 107 of
the maximum difference. These procedures incorporate a computer
program to prevent arbitrary errors which accompany

measurements made by eye.
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IV. RESULTS AND DISCUSSION

Results of the crack growth tests are summarized in Table
IV-1. The column heading "Initiation Cycles" corresponds to the
number of cycles completed when the first crack was observed
through examination of the replica under an optical microscope.
"Location" implies the location of the crack at its point of
origin. The following abbreviations were used in this column:

C : Edge of the specimen at the notch root

N : Near the edge of the specimen at the notch root
S : Center of the specimen at the notch root

The cracks labeled "C'" were corner cracks, while those
labeled "S" were surface cracks. Cracks labeled "N" were
originally surface cracks but usually changed to corner cracks
as they grew. The heading "Crack Length" implies the total
surface length, which corresponds to 2a for a surface crack and
a for a corner crack, as defined in Figure 1V-6. "L1, L2,..L5"
in the "Final Crack Length" column designates several cracks
wich appeared in the same specimen simultaneously or
sequentially. "Total Test Cycles'" means the number of cycles
completed at the time when the crack grew through the section.
The tested lives are in reasonably good agreement with the

estimated fatigue life in Table III-1.
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TABLE IV-1 (cont.)
SUMMARY OF TEST RESULTS

Maximum Specimen Initiation Initial Loca- Final Total

R Stress Number Cycles Crack tion Crack Test
(MPa) (X1000) Length Length Cycle
(mm) , ( mm) (X1000)

Ll 2.25 125
L2 0.343
L3 0.229
L4 0.055
L5..L1
L1 0.050
L1 2.25 290
L2 0.30
L3 0.20
L4..L1
L1 0.382
L2 0.267
L3 0.229
0
0

A-72-07 40 0.050
70 A-55-08 120 0.065

A-83-23 70 0.044

L4 0.20
L5 0.065

NLoumoaoununununnumwmmnnn

-2.0 75  A-52-21 2 0.027 Ll 2.25 20
L2 0.071

L3 0.518
L4..L1

L5..L1

L1 0.035

L1 1.809 110
L2..L1

L3..L1

L4 2.175
L5..L4

L1 1.809
L2..L1

L3..L1

L4 2.175
L5..L4

L1 0.10

L1 1.515 362
L2..L3

L3 2.25

L4 0.436

A-74-20 4 0.035
60 A-75-16 15 0.010

A-84-20 15 0.015

50 A-80-11 715 0.050
A-68-05 30 0.093

oo OnnLLOLLnODVnN N
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Two of the 24 specimens tested in this experiment showed
some unexpected behavior. The specimen A-84-03, which was
cycled with a maximum stress of 195 MPa (54% of yield stress)
at R = 0.5, was broken during cycling at almost 760 kilocycles.
A crack was found at 690 kilocycles at the center of the notch
root and grew as a surface crack. This crack propagated
quickly, growing from 0.561 mm to 1.55 mm in 10 kilocycles at

740 kilocycles.

The broken fracture surface was photographed with an SEM
at Kentron International Inc. [60] to examine the fatigue
propagation (Figure IV-1). The first micrograph was taken at 1
mm from the notch; the second and third are at 8 mm and 15 mm,
respectively. Even the picture at 25 mm shows the striation
marks which prove fatigue cracking. The plane strain fracture
toughness for Al 2024-T3 is 44 MPa-m* [60]. An approximate
calculation of the critical crack length based on the plane
strain fracture toughness is 13 mm. But the thickness (2.3 mm)
of this material is not enough to satisfy the plane strain

condition,

) (4.1)

1
where B would be greater than 37 mm for K¢ = 44 MPa-m? and Oys

= 359 MPa. Therefore, the fracture toughness of this specimen

will be larger than K j-and the critical crack length will be
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longer.

For another specimen, A-59-30, which was cycled with a
maximum stress of 120 MPa at R = 0.0, no crack was observed
after 660 kilocycles. The estimated fatigue life [49] at this
load condition is 130 kilocycles. No explanation could be made

for this unexpected behavior.

IV-1. Analysis of Replicas

For each loading conditién, two specimens were tested. In
one, a crack was allowed to grow through the thickness of the
specimen (approximately 2.3 mm) in order to obtain growth data;
in the other, a small crack (up to 500 um) was grown so that
short crack behavior might be examined. From five to 70
replicas were taken for each test to monitor the initiation and
growth of each crack. These replicas were observed closely
under an optical microscope. The length and location of each
crack were measured and crude maps were sketched on the
magnified scale. Crack maps of all the tests are shown in

Appendix II.

A typical example of a crack map, tracing the growth of a
crack from first observation through the thickness of the
specimen, is shown in Figure IV-2. This is the data from
specimen number A-55-08 with a maximum remote stress of 70 MPa

at a stress ratio of -1.0. The width of the sketch corresponds
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Record of crack lengths and map
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Figure IV-2. Typical example of a crack map (continued)
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to the specimen thickness, and all dimensions are at the same
scale. The crack originated along the centerline of the notch
root near the edge of the specimen after 120,000 cycles.
Replicas were taken every 10,000 cycles for this test, so the
first visible crack was 65 micrometers long before it was
found. The crack grew toward the center and the edge. Another
crack initiated near the center of the specimen at 180,000
cycles. A third crack appeared at the upper side of the notch
at 210,000 cycles. The first crack grew continuously, but the
second and third cracks stagnated after growing for a short
time. Information about crack initiation and the crack growth

rate behavior can be obtained from the crack maps.
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IV-2. Crack Initiation Analysis

It was convenient to examine crack initiation by observing
the replicas, even after the tests were finished. The smallest
observable crack was approximately 10 um long, viewed under an
optical microscope at 400X magnification. The number of cycles,
crack lengths, and locations measured when each crack was first
observed are shown in Table IV-1. The number of cycles to crack
initiation appeared to be of the same order of magnitude as the
loading condition, with the same stress ratio and stress level,
except for the case of the smallest stress levels at R = 0.5
and R = -2.0. This result can be regarded as quite consistent,
considering that most fatigue test data have shown a tendency
to be scattered over a substantially large band. The first
observed crack lengths varied from 10 to 100 micrometers, since
the replicas were taken at certain fixed intervals, as

mentioned before.

In most cases, a single crack nucleated and several other
cracks appeared sequentially. In only three specimens out of
the 24 tested -- one where Smax = 195 MPa and R = 0.5 and two
with Smax = 105 MPa and R = -1.0 -- were multiple cracks
initiated at the same time. Considering the stress, multiple
initiation was expected at the highest applied stress level, as

in the case where R = -1.0. But this was not true for R = 0.5.
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Most of the crack nucleations were observed along the bore

of the notch rather than at the corner. The cases where
initiation occurred at a corner may be attributed to mechanical

defects from the machining procedure.

It was found that most surface cracks which were initiated
at the bore of the notch were nucleated at the inclusion
particles, as shown in Figure IV-3. This phenomenon was
observed in many other experiments [1,3,18,30,31,42,43,52],
especially in commercial aluminum alloys [1] and has been
called brittle initiation. If the crack is initiated in this
brittle manner, the plastic zone may be considered quite small
(estimated to 153in [52]). But this estimation is limited to
the very beginning of crack initiation. Another estimation of

plastic deformation at the crack tip [53] is calculated as

follows.

to = 0.002 ( ey / Sg / E )2 (4.2)

where r, is the radius of the plastic zone

enq is the maximum value of the applied tensile
strain

S, is the yielding stress

E is the elastic modulus

Using this equation, the size of the plastic zone
surrounding a crack in Al 2024-T3 was calculated to be 0.05 mm,
given that e = 0.0049 (measured at the root of the notch by

ISDG technique, when the corresponding remote stress was 110
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MPa), S, = 359 MPa, and E = 73,100 MPa.

Based on the lower extreme of brittle initiation (former
case of above estimation), the criteria of linear elastic
mechanics (LEFM) are satisfied at a crack length of about 0.01
mm. For the latter case, a crack length must be longer than 0.5
mm to apply LEFM. But the applied stress must be low enough to

avoid general yielding in the notch root for any case.

Crack initiation cycles were calculated from the
Manson-Coffin equation and Neuber's rule as follows. The

Manson-Coffin relationship is expressed in the form

be . ZET7 %m (oby € (20) € (4.3)

2 E

where E is the elastic modulus

Ocs €, b, and c are material constants;
for Al 2024-T3, these are equal to
1100 MPa, 0.22, 0.124 and 0.59,
respectively [59]

0_ is the mean stress

Ae is the total strain amplitude

Ae 1is obtained by solving two simultaneous equations,

Neuber's rule and the stress-strain relationship, using an

iteration method:

(4.4)
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and 4

E k" " (4.5)

where A¢ and A0 are the notch strain and
stress amplitudes
Ae and As are the remote strain and stress

amplitudes
Kt is the stress concentration factor,
equal to 3.17 for the geometry of the
specimen used in this experiment
K' and n' are material constants, equal to
655 and 0.065 respectively for Al 2024-T3
As shown in Table IV-2, initiation cycles observed in this
experiment are in good agreement with values predicted by the
Manson- Coffin equation for the two highest stress levels at
each R-ratio, with the best agreement at R = -1.0 and -2.0.
Figure IV-4 shows this agreement of tested initiation cycles
and calculated values for R = -1.0 in which the mean stresses
are zero for all applied stress ranges. The close agreement in

short fatigue lives was expected, since the Manson-Coffin

relationship was derived for low-cycle fatigue.
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TABLE IV-2
TEST RESULTS OF CRACK INITIATION

Stress Maximum Specimen Tested Predicted Ratio of
Ratio, Stress Number Initiation Initiation Initiation
R (MPa) Cycles Cycles Cycles* To

(X1000) (X1000) Total Life*

0.5 225 A-54-04 26 0.21
A-65-07 42 22.5 -
205 A-71-05 20 0.17
A-68-22 35 54.3 -
195 A-84-03 690 0.91
A-59-13 130 90.2 -
0.0 145 A-52-03 6 0.11
A-51-16 8 30.5 -
120 A-82-16 60 0.43
A-59-30 * 191.8 -
110 A-57-14 70 0.61
A-80-28 100 428.2 -
-1.0 105 A-55-27 4 0.2
A-67-08 7 3.0 -
80 A-65-24 40 0.32
A-72-07 40 38.4 -
70 A-55-08 120 0.41
A-83-23 70 157.4 -
-2.0 75 A-52-21 2 0.1
A-74-20 4 2.2 -
60 A-75-16 15 0.14
A-84-20 15 16.5 -
50 A-80-11 715 -

A-68-05 30 114.3 0.08
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In addition, the ratio of initiation cycles to tested
total life (the test was stopped when the crack grew through
the section) is shown in Table IV-2. The ratio appears with a
range of 0.1 to 0.9. For some pure metals in which the crack
usually initiated at a slip band (in a ductile manner), the
number of cycles required to produce a detectable crack was
known to be a small proportion (a few percent) of the total
life. In experiments with commercial aluminum alloys, Pearson
[1] showed that the number of cycles to the initiation of a
crack was equal to 40-60% of failure, a much higher ratio than

is found in the pure metals.

The ratios of crack initiation cycles to tested total life
are plotted against stress ranges for different R-ratios in
Figure IV-5. The data is scattered in a wide band, but a
tendency toward increasing crack initiation life with
decreasing stress ratio can be observed, except in the cases
where AS = 102.5 MPa at R = 0.5 and for AS = 150 MPa at R =

-2.0.

Also, the range of crack initiation life to tested total
life is observed to be 10-40% for R = -1.0 and -2.0, and 20-90%
for R = 0.5 and 0.0. This dependence of crack initiation 1life
on R-ratio was shown by Sova et al [2]: approximately 70% of
fatigue life at R = 0.5 and 0.0 and 40% of fatigue life at R =
-0.5 and -1.0 for the material Al 2024- T3, the same material

used in this study.
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Crack initiation life versus fatigue stress range
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IV-3. Crack Shape

After testing, the specimens wére broken open to examine
the shapes of short and through-thickness cracks. The typical
short crack, defined as a surface crack less than 0.5 mm long,
was observed to be either a semi-elliptical surface crack or a
quarter-elliptical cormer crack, as shown in Figure IV-6. The
dimensions of a semi-elliptical surface crack are given in this
figure; 2a is the surface crack length and ¢ is the crack
depth. For a quarter-elliptical corner crack, a is the surface
crack length and c is the crack depth. The surface crack
lengths and crack depths as measured from the broken surface
are listed in Table III-3 with the calculation value of the

crack depth, c, taken from the following empirical equation

[49]:

c/la = 0.9 - 0.25 ( a/t )2 (4.6)

where a is the half-length of the crack for a surface crack and
the edge length for a corner crack. The parameter t represents
half the specimen thickness for a surface crack and the full
specimen thickness for a corner crack, as defined in Appendix

I-A, Figure A-1.

The crack depths could not be measured during the tests;
yet this value was needed in order to calculate the stress
intensity factor without significant error. The calculated

crack depth values agree quite well with measured values, as
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Table IV-3 shows. This agreement has been proven in other work
[31]. Therefore, the crack depths calculated from the above
equation may be used to find the stress intensity factor
without significant error.

TABLE IV-3
DIMENSIONS OF SMALL CRACKS

Specimen Surface Crack Crack Measured Crack Calculated Crack

Number Length (mm) Shape Depth (mm) Depth (mm)
A-54-04 0.54 C 0.42 0.478
A-68-22 0.545 C 0.48 0.483
A-59-13 0.403 S 0.18 0.180
A-51-56 0.245 S 0.12 0.110
A-80-28 0.414 C 0.38 0.370
A-67-08 0.398 S 0.18 0.173
A-83-23 0.229 C 0.32 0.333
A-84-20 0.174 C 0.16 0.156
A-80-11 0.100 S 0.04 0.045

S : semi-elliptical surface crack
: quarter-elliptical corner crack

a

TABLE 1IV-4
DIMENSIONS OF THROUGH-THICKNESS CRACKS

Specimen Number Surface Crack Crack Depth*
Length (mm) Measured (mm)
A-65-07 2.3 1.31
A-71-05 2.25 2.27
A-52-03 2.25 1.1
A-82-16 2.25 2.69
A-57-14 2.19 1.65
A-65-24 2.25 1.26
A-55-08 2.25 1.3
A-52-21 2.25 1.35
A-75-16 2.175 0.88
A-68-05 2.25 1.23
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The through-thickness cracks which were grown in surface
length up to the thickness of the specimen (approximately 2.3
mm) appeared to have a relatively large crack depth, as shown
in Figure IV-7. The measured values of the crack depths, which
were averaged by three points, are listed in Table IV-4. The
expected depth of the semi-elliptical surface crack is 0.73 mm,
from Equation 4.6, when the observed length is equal to the
thickness of the specimen. All values in Table IV-4 are
significantly greater than 0.73 mm. Specimen A-82-16 showed an
especially large value of 2.69 mm for the crack depth. The
crack in specimen A-82-16 was initiated as a corner crack (see
crack map in Appendix II); the depth was expected to be
approximately the same as the surface length. But the depth of
the quarter-elliptical corner crack with a surface length of

2.3 mm would be 1.5 mm according to Equation 4.6.

The crack growth rate becomes faster as the crack length
‘approaches the thickness of the specimen (to be discussed in
the section entitled ''Crack Growth Rate'"). But the replicas
were taken at certain intervals, every 2,000 to 10,000 cycles.
Thus in the interval between the last two measurements, a crack
may grow to its full length and then continue to grow in the
direction of depth. However, such an oversized
through-thickness crack must be considered an edge crack rather
than a surface crack, and the crack growth data from the last
cycling interval must be omitted when observing the growth

behavior of the surface crack.
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IV-4. Crack Growth Rate Results and Discussion

Crack growth was monitored using the replica technique at
certain cyclic intervals. The first observable surface crack
lengths, those visible under an optical microscope with 400X
magnification, tended to be one or two times the grain size of
the specimen, or a few tens of microns long. The material's

typical grain size was 25 pm in the direction of crack growth.

The stress intensity factor range, AK, was calculated from
the approximate equation for semi-elliptical surface cracks and
quarter-elliptical corner cracks, as described in Appendix I-A.
The full load range was used in calculations of AK, including
compressive loads for negative R-ratios. The crack depth, c,

for these calculations was estimated from Equation 4.6.

All crack growth data -- crack length, number of cycles,
K, da/dN (growth rate), and the plot of da/dN versus AK for
each specimen -- are included in Appendix II. Also found in
Appendix II are data sheets containing information on test
conditions. The AK values for R = 0.5 appeared smaller than
those for R = -2.0, even with much higher maximum stress
levels, because the stress ranges are smaller in the case of R

= 0.5 than for R = -2.0.

The crack growth rates were calculated with a simple

point-to-point method:
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a
—_— = e = e————_—— in mm/CyCIe (4'7)

where an is the crack length at N, cycles. The corresponding
n
stress intensity factor range was calculated at an average

crack length, a, as

- an+1 + an

2 (4.8)

A typical set of data including crack lengths, cycles,
stress intensity range (AK), and growth rate (da/dN) is
presented in Table IV-5. The data are for specimen A-65-07,
tested with S . = 225 MPa (63% of the yielding stress) and R =
0.5. The first observed crack was a surface crack, 0.033 mm
long and located at the center of the bore. AK was calculated
based on the average crack length; da/dN was calculated by the
point-to-point method described earlier in this section.

By examining the da/dN-data, it can be determined that the
crack grew inconsistently as the number of cycles increased.
Crack growth slowed in the neighborhood of 46,000 to 54,000
cycles and also during the period from 60,000 to 64,000 cycles,

due to the micro-structure effect mentioned before.

Crack growth data taken at the very end of cycling was not
used in the calculation of da/dN. This is because the crack
length was measured only on the notch root, while the crack was
observed to grow as an edge crack through the thickness at the

last cycling. The process was discussed in Section IV-3.
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TABLE 1IV-5
TYPICAL CRACK GROWTH DATA
Specimen Number A-65-07
Tested With Smax = 225 MPa and R = 0.5

Cycles Crack Length K da/dN

(X 1000) 2a (mm) (MPa-M) (X10 mm/cycle)
42 0.033
44 0.038 1.88 1.250
46 0.044 2.02 1.500
54 0.049 2.14 0.312
56 0.065 2.36 4.000
60 0.071 2.57 0.750
64 0.087 2.76 2.000
70 0.114 3.09 2.250
72 0.125 3.35 2.750
74 0.136 3.49 2.750
80 0.158 3.69 1.833
84 0.174 3.90 2.000
86 0.185 4.04 2.750
92 0.213 4,24 2.333
96 0.349 4.96 17.000
98 0.392 5.62 10.750
100 0.425 5.87 8.250
102 0.463 6.09 9.500
104 0.507 6.34 11.000
106 0.518 6.50 2.750
108 0.632 6.85 28.500
110 0.719 7.37 21.750
112 0.801 7.78 20.500
114 0.970 8.33 42.250
118 1.875 10.32 113.125
121 2.300 12.41
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The crack growth rate versus AK is plotted for the
different R-ratios -- R = 0.5, 0.0, -1.0, and -2.0 -- in
Figures IV-8, IV-9, IV-10, and IV-=11, respectively. The crack
growth ranges are from a few tens of microns (as mentioned
above) to through the thickness of the specimen (approximately
2.3 mm). The data points of all four plots show unsteady
growth: acceleration in the beginning ;f crack growth and then
deceleration. This pattern repeats itself several times. It is
believed that this unsteady growth, which is especially large
in the early stages, is due to microstructural effects which
have been noted in other investigations [4,5,15-20}. In
particular, the repetition of acceleration and deceleration was

observed by Larsen [13].

Growth-rate data for long cracks are also plotted in
Figures IV-8 through IV-11. These data are from experiments
performed several years ago and from more recent tests on the
same lot of material [49] used in this study. As the cracks
grow, the crack growth rate tends to approach the rate of the
long crack and the scatter band tends to narrow. This indicates
that the short crack behavior is changing to the behavior of

the long crack.

Figure IV-8, for R = 0.5, shows a definite slowing of the
growth rate for short cracks relative to thevrate for long
cracks. As described in Appendix I-C, all the stresses applied
in R = 0.5 produce plastic deformation at the notch root due to

the stress concentration. The compressive residual stress, Ors,
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. . . N .
is present in subsequent cycling from %S4 tO Spax’ This 0

changes with the local R-ratio:

(4.9)

g : + G,
Riocal = min " rS.—
0 max Ors

A change in R-ratio will affect the crack growth rate, since
the growth rate is known to be a function of R as well as of
AK. The residual stress was not measured in this study, but an
estimate based on Neuber's relation shows it to be very small,
since the specimen is not unloaded after the first cycle. Thus

the R-ratio would change little.

In addition to the change in local R-ratio, another
explanation may be given. The growth rates of short cracks
which propagate on the surface of the notch root under
conditions of plasticity may be slower than those of long
cracks which grow under plane stress conditions. Growth under
plane stress and inside the area of plastic deformation is slow
due to residual compressive stress [54]. Zurek et al [28]
studied the growth of short cracks when a compressive residual
stress existed. They noted a decrease in AK with the residual

stress,; O, g which is negative:

AR- = (%max *9rs 7 occ) f(a) (4.10)

where gcc is the closure stress and f£(a) is the coefficient
dependent upon crack geometry. Zurek's group also observed an
improvement in agreement of prediction with experimental data

when the residual stress was taken into account.
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Data for R = 0.0 is shown in Figure IV-9. Some differences
between the short and long crack growth rates can be observed
in the lower AK range. The loading in this case caused initial
plastic deformation at the notch for the two highest stresses,
as shown in Appendix I-C, but all three growth rates are

similar.

Figure IV-10, for R = -1.0, shows faster growth rates for
short cracks than for long cracks. All three loadings for R =
-1.0 left the notch root in an elastic condition, so no
retardation of the crack growth due to notch plasticity was
expected. The stress effect, meaning faster crack growth at

higher stresses, may also be clearly observed in this plot.

The same growth behavior is observed in Figure IV-11 for R
= -2.0, i.e., a faster growth rate for short cracks and the
result of the stress effect. Here the two highest loads

produced yielding in compression at the notch root, but no

corresponding effect on the growth rate behavior was observed.

The so-called 'small crack effect' was seen under the
loading conditions of R = -1.0 and -2.0. This faster growth was
observed through almost the entire range of aAK, for crack
lengths up to the thickness of the specimen (2.3 mm). Thus it
may be said that the small crack effect appeared to a crack
length of 2.3 mm. The small crack with this length has been
called a 'physically short crack” [14,29] or a "mechanically

short crack" [26].
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IV-5. Crack Closure Results and Discussion

Crack closure loads (Pop) were measured using the ISDG
technique for short and through-thickness cracks. The ISDG
technique measures the crack opening displacement (COD), and
the closure stress is determined by a reduced data method
(described in Section III-5) with computerized analysis. A
typical procedure is shown in Figure III-8, and all plots used
in determining the closure stress are included in Appendix II.
In addition to closure stresses, information about the
compliance of the cracks was easily obtained from the COD

measurement.

The results of measured closure stress, compliance values,

and corresponding crack lengths are tabulated in Table IV-b.
The smallest crack length for which closure stress was measured

was 0.035 mm; most of the short crack lengths were less than
0.5 mm. The closure stresses were usually measured on the
center of the crack. Only two cracks (* in Table IV-6) were
measured mear the crack tip, but no remarkable difference was
found. More measurements would be necessary to determine the

effect of position on measurement for small surface cracks.
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TABLE IV-6
RESULTS OF CLOSURE LOAD AND COMPLIANCE MEASUREMENTS

Maximum Specimen Crack Crack Normalized Compliance
R Stress Number Length Shape Closure (um/Nt)
(MPa) 2a Depth Load
(mm) (rmm) (Pop/Pmax)
0.5 225 A-54-04 0.54 0.42 ¢ 0.34% 1.59 E-4
A-65-07 2.3 1.31 T 0.29 14.0 E-4
205 A-68-22 0.18 - S 0.32 1.3 E-4
0.54 0.48 ¢ 0.38%* -

195 A-59-13 0.403 0.18 s 0.39 2.17 E-4
0.0 145 A-52-03 2.25 1.1 T 0.33 15.0 E-4
A-51-16 0.245 0.12 S 0.32 1.34 E-4
120 A-82-16 2.25 2.69 T 0.21 31.2 E-4
110 A-57-14 2.19 1.65 T 0.30 24.5 E-4
A-80-28 0.414 0.38 ¢ 0.34 4.21 E-4
-1.0 105 A-55-27 2.25 - T 0.0 10.8 E-4
A-67-08 0.19 - S 0.0 0.9 E-4
80 A-65-24 2.25 1.26 T 0.12 17.7 E-4
A-72-02 0.05 0.23 S 0.12 0.46 E-4
70 A-55-08 2.25 1.3 T 0.0 17.9 E-4
A-83-23 0.2 0.1 S 0.18 0.91 E-4
-2.0 75 A-52-21 2.25 1.35 T -0.18 20.1 E-4
A-74-20 0.035 - S 0.0 0.15 E-4
60 A-75-16 2.175 0.88 T -0.12 10.4 E-4
A-84-20 0.17 0.16 S -0.38 1.09 E-4
50 A-68-05 2.25 1.23 T -0.13 16.8 E-4
A-80-11 0.1 0.04 s 0.0 0.53 E-4

S : Semi-elliptical surface crack
C : Quarter-elliptical corner crack
T : Through-thickness crack

* Measured near the tip behind the crack
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A. Results of COD Measurement

Typical plots of load versus COD are shown in Figures
Iv-12, 1v-13, 1IV-14, and IV-15 for R = 0.5, 0.0, -1.0, and

-2.0, respectively.

Figure IV-12a shows the 1l0ad-COD for a crack with a
surface length of 0.5 mm and a crack which grew through the
thickness of the specimen (2.3 mm). The 0.5-mm crack originated
near the edge of the specimen at the notch root and grew into a
corner crack. Indentations were placed 50 microns apart near
the edge of the crack for the 0.5-mm crack and 100 microns
apart for the through-thickness crack. The maximum cyclic load
was 5,800 1bs (225 MPa) with a minimum load of 2,900 1lbs. The
change in the slope of the compliance for the 0.5-mm crack is
unclear in Figure IV-12a, since it is plotted on a large scale
in order to compare the magnitude with the through-thickness
crack data. The usual COD plot for such a short crack length is

plotted on a smaller scale, as shown in Figure 1IV-12b.

The COD of the 0.5-mm crack increased slightly until a
substantial load was applied, when it began to increase
linearly with the load. The linear increase means that the
crack is fully open. This behavior can be seen clearly on an
enlarged scale such as the one in Figure IV-12b. The pattern of
increase in the COD changes at 2,000 lbs to a linear form which
corresponds quite well to the linear-square-fitted line shown

in the plot. The transition point is obtained easily from the
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reduced data. This value is the crack opening load, Pop, which
is equal to 1,980 1lbs for the data in Figure IV-12b. The
compliance value which is obtained from the upper linear
portion of the COD curve is equal to 1.59 x 10 _qum/Nt for the
0.5-mm crack and 14.0 x 10 ' pm/Nt for the through-thickness

crack.

Figure IV-13 is for a crack with a surface length (2a) of
0.245 mm and a through-thickness crack. Indentations were
placed at the center of the crack in both cases. The maximum
cyclic load was 3,750 1bs (145 MPa) with a minumum load of 0
lbs. The maximum COD at the maximum load was 1.44 micromns for
the 0.245-mm crack and 23.0 microns for the through-thickness
crack. The COD curves show behavior similar to the case of
Figure IV-12a. The compliance value was 1.24 x ld_q14m/Nt for
the 0.245-mm crack and 15.0 x 16J+11m/Nt for the

through-thickness crack.

Figure IV-14 shows the COD curves for fully reversed
loading; the maximum cyclic load was 2,715 1bs (105 MPa) and
the minimum was -2,715 lbs. The sharply sloped curve is for a
surface crack with a length of 0.19 mm, and the large-COD-
valued curve is for a through-thickness crack. It can be seen
clearly from these curves that the slope transition point in
the COD curve of the through-thickness crack occurs in the
compressive load region. This implies that the crack was opened
fully in compressive load. This phenomenon will be discussed

later.
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Figure IV-15 shows the COD curves for R = -2.0; the
maximum cyclic load was 1,550 1lbs and the minimum was -3,100
1bs. The steep curve is for a corner crack with a length of
0.16 mm, while the curve with the sharp bend is for a through-
thickness crack. The COD curves of the chort cracks in Figures
IV-14 and IV-15 are plotted again on an enlarged scale in

Figure IV-16.

As shown in this plot, when the cracks are closed in the
compressive load region, the bore of the notch behaves as an
elastic material until the crack begins to open. The
displacement measured from the indentations across the crack in
the compressive load region was -0.25 micron for the specimen
with the 0.19-mm crack. The indentations were 50 microns apart;
so the strain, e, is

e(measured) = -0.25/50 = -0.005

The elastic modulus of this material is 73,100 MPa, and
the stress concentration factor for the geometry of this
specimen is 3.17 [49]. Calculating the strain at the center of
the notch for the applied gross stress of -105 MPa gives

-105 Mpa
e(calculated) = 73166"&%2 x 3.17

-0.0046

L}

The measured strain agrees well with the strain value
calculated from the elastic modulus. This is evidence of

elastic behavior in the compressive region.
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B. Comparison of Compliances For Crack Lengths

It was shown in the "Crack Shape" section that surface
cracks are semi-elliptical in shape and that corner cracks are
quarter- elliptical. The measured crack depths were shown to be
a constant ratio, approximately 0.9, to the semi-surface crack
length for most cases. Thus the crack lengths can be compared
simply with the surface lengths for this case where there is a

constant ratio of surface length to depth.

Figure IV-17 is the comparison of compliance values for
surface crack lengths of short cracks with the semi-elliptical
shape and lengths up to 0.5 mm. Each data point was tested at a
different stress level, Spax, but no variation in compliance
due to Smax were noted. Also, no dependence of compliance upon
the variation of R was found for these semi-elliptical short
cracks. The cémpliance showed a linearly proportional
relationship to the surface crack length, as seen in the plot.
Similar results have been reported in other papers [16,43].
Morris [16] found a linear relationship between compliance and
crack length and no variation of compliance with the applied
stress level for surface microcracks tested at R = -1.0. James
and Smith [43] also observed the linear relationship of
compliance and crack length for surface microcracks tested at R

= 0.1.
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Figure IV-18 shows a comparison of compliance values for
crack lengths of through-thickness cracks. As explained in the
"Crack Shape" section, the through-thickness cracks must be
considered edge cracks rather than surface or corner cracks
because the crack depths were substantially deeper than what
was expected from a semi-elliptical surface crack or a quarter-
elliptical corner crack. The linear relationship was observed
between the compliances and crack lengths of less than 2 mm

measured in the depth direction.

This linear relationship of compliance values and crack
lengths implies that COD is proportional to crack lengths in a

linear fashion, which is the result from LEFM.
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C. Effect of Crack Length on Crack Closure Load

Figure IV-19a shows variations of opening load levels with
crack lengths for short surface cracks whose lengths ranged
from 0.035 mm to 0.5 mm. The solid lines represent the opening
stress ratio predicted for short cracks form Newman's
calculated data [62]. Each data point was tested at a different
stress level, but Newman's prediction was calcualted for a
specific stress level: Smax/So = 0.25 for R = 0.0; Spax/So =
0.15 for R = -1.0 and -2.0. So is the flow stress, which is
taken as an aver;ge value of the yield stress (359 MPa) and the

ultimate tensile stress (496 MPa for Al 2024-T3).

Measured opening stress ratios for R = 0.5 were below the
minimum cyclic stress for such a case. Newman's prediction for
R = 0.5 shows the opening stress to be the same as the minimum
applied stress. Most of the measured opening ratios are smaller
than the levels predicted for R = 0.0, -1.0, and -2.0.
Predicted values show rapid increases in the opening stress
level while the crack is still very short (less than 0.08 mm),
with stabilization for the opening stress for crack lengths
greater than 0.1 mm. Measured Data shows scattering in a wide
band for lengths less than 0.2 mm. It can be observed from
Figure IV-19a as a general trend that the opening stress levels
increase as the crack lengths increase, except in the case

where R = -2.0.
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Figure IV-19b shows the opening load ratio versus crack
length measured in the specimen width direction for through-
thickness cracks. Also, opening stress ratio values predicted
for a long crack from Newman's equation [58] are plotted to
compare with measured data. The opening ratios for short,
through-thickness cracks tested in this experiment appear
smaller in general compared to the values predicted for long
cracks. The difference between the opening stress levels is
relatively small for positive R-ratios and substantially large
for negative R-ratios. No dependence of opening stress levels

on crack length was observed for through-thickness cracks.
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D. Effect of R-ratios on Crack Closure Levels

The effect of R-ratios on closure levels has been studied
by many investigators. Elber [34] observed the relationship
between the closure stress, Sop, and the R-ratio and proposed

the empirical equation for the material Al 2024-T3,

_Sop (4.11)

= 0.5+ 0.1 R+ 0.4 R2
Smax

where Smax is the maximum cyclic stress. Schijve [55] modified

the above equation to apply where R 2 -1:

S
—S—°P—— = 0.45 + (0.1+a)R + (0.45-2a)R2 + aR3 (4.12)
max

where a is a constant with values from 0.10 to 0.15. The above

formulas were obtained from the long crack data.

Newman [58] used his closure model to propose a general
crack opening stress equation for long cracks as a function of
constraint, stress ratio, and stress level. The proposed

equations are

(4.13)
Sop Ao + AIR + A2R2 + A3R3  for R:
Smax
and
S . a4+ AR for -1 <R <0 (4.14)
Smax

when Sop 2 Smin-

PRECEDING PAGE BLANK NOT FILMED
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The coefficients are

Ag= (0.825 - 0.34a + 0.05a2 )* [cos(m+ Smax/ 20, )]1/2

A;= (0.415 - 0.071a ) (Smax/og, )
A2= 1 - AO' Al' A3

Ag= 2Ap+ Aj- 1
where a is a constraint factor, a = 1 for plane stress and a =
3 for plane strain condition, and ¢, is a flow stress which is
taken to be the average between the uniaxial yield stress and
the uniaxial ultimate tensile strength of the material. The
yield stress is 359 MPa and the ultimate tensile strength is
496 MPa for Al 2024-T3; thus, the flow stress will be 427.5
MPa. The constraint factor was chosen as 1.73. It was used by
Newman in correlating the crack-growth rate data for large
cracks in a specimen with the same geometry as the ones used in

this study.

Normalized opening stress ratios for long cracks were
predicted from Schijve's equation and Newman's equation and
compared with short crack data measured in this study. The

results are compiled in Table IV-7.

The measured opening loads for short cracks at R = 0.5
appeared below the minimum cyclic load, as shown in Table IV-6.
It may be reasonable to define the opening load as equivlaent
to the minimum cyclic load for such a case. So opening 1§ad

ratios are changed to be the same as the R-ratio in Table IV-7.
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The dependence of opening stress on the maximum applied stress
was not clearly observed in the short crack data measured in

this study.

Figure IV-20 shows a plot of opening load ratio versus
R-ratio for short cracks tested in this study. It can be
observed from the plot that opening load levels of short cracks
are strongly dependent on R ratio. The opening stress ratio for
long cracks, predicted by Schijve and Newman's equations, are
also plotted in Figure IV-20.

TABLE IV-7
COMPARISON OF Pop/Pmax FOR SHORT AND LONG CRACKS

R Smax Average Pop/Pmax Predicted Pop/Pmax of Long Cracks

of Short Cracks Newman Schi jve
0.5 225 0.5 0.548
205 0.5 0.554 0.62
195 0.5 0.556
0.0 145 0.32 0.355
120 0.21 0.365 0.45
110 0.32 0.368
-1.0 105 -0.05 0.298
80 0.12 0.322 0.35
70 0.08 0.331
-2.0 75 -0.09 0.275
60 -0.25 0.300
50 -0.06 0.314

An interesting point is made by Figure IV-20: the
differences in opening load ratio levels of small and long
cracks are not remarkably large at R = 0.5 and 0.0, but they

are substantial for R = -1.0 and -2.0. From Table IV-7,
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normalized opening load levels of short cracks at R = 0.5 and
0.0 are approximately 10% lower than those predicted by Newman
for long cracks. But at R = -1.0 and -2.0, the short crack data
are more than 100% lower than the data for the long cracks in
most cases. This means that the short crack growth rate should
be much faster that the long crack growth rate at R = -1.0 and
-2.0 and that there should be no appreciable difference in the

two rates at R = 0.5 and 0.0.
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IV-6. Crack Closure Effect on Crack Growth Rates

Many attempts [16,17,21,22,33,40,61] have been made to
relate the difference between short and long crack growth
behavior with the concept of crack closure. The effective

stress intensity range, AKgff, is calculated as follows.

AMKegg = U x AK (4.15)

where U is the effective stress range ratio with the value

_ 1- Sop/Spax

—-n (4.16)

The effective stress range ratios are calculated in Table

IV-8 with the values from Table IV-7.

TABLE IV-8
COMPARISON OF EFFECTIVE STRESS RANGE RATIO

R Smax U U For Long Crack
(MPa) For Short Crack Newman Schi jve

0.5 225 1.0 0.90
205 1.0 0.89 0.76

195 1.0 0.89

0.0 145 0.68 0.64
120 0.79 0.63 0.55

110 0.68 0.63

-1.0 105 0.53 0.35
80 0.44 0.34 0.33

70 0.46 0.34

-2.0 75 0.36 0.24

60 0.42 0.23 -

50 0.35 0.23
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For R = 0.5, measured opening stresses for short cracks
are below S;in, as shown in Table IV-6. Here closure stresses
have no influence on crack growth. But closure levels predicted
by Schijve and Newman, also shown in Table IV-6, are higher
than Spjn. Thus the growth rate of the long crack data would
shift to the left and produce less agreement with short crack

data.

Figure IV-21 shows da/dN versus AKogg for R = 0.0. The
measured opening stresses for short cracks are approximately
10% lower than the long crack values predicted from Newman;
there is little change in the agreement between the rates as
compared to rates which do not display the closure effect shown

in Figure IV-9.

Table IV-7 shows a considerable difference -- more than
100% -- in the opening stress levels of short and long cracks.
The average value of U for the short crack at R = -1.0 is 0.48;

the average value of U as predicted for the long crack by
Newman is 0.34. Therefore, the plot of da/dN versus AKggs would
shift to the left by a substantial amount in both cases. Figure
IV-22 shows the good agreement in growth rates of short and
long cracks based on AKefg. This implies that the short crack
growth rates were approximately 40% faster than the those of
the long cracks due to the closure effect for the case of R =

-1.0.
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For R = -2.0, growth rates for short and long cracks
recalculated with closure stresses are in reasonably good
agreement, as Figure IV-23 shows. The use of AKofg gives
considerable improvement in the coalescence of the growth rate
data for R = -1.0 and -2.0. But in addition to the closure
effect, the complexity of notch plasticity must also be
considered when examining the difference in growth rate

behavior of short and long cracks for R = 0.5, 0.0, and -2.0.
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V. CONCLUSIONS

Based on the study of short fatigue cracks growth and

short crack closure behavior, involoving an experimental study

of short surface or corner cracks (0.035 - 0.5 mm) and short

through-thickness cracks (0.8 - 2.7 mm, average depth) in

notched Al 2024-T3 specimens, the following conclusions may be

made.

1. Crack initiation and growth were observed successfully
using the replica technique. Most of the cracks originate
at the center of the notch root rather than at the corner.
Those cracks which originate at a corner initiate at
inclusions.

2. The initiation cycles observed in this experiment are
in reasonably good agreeement with the values predicted by
the Manson- Coffin relationship. The ratios of initiation
cycles to tested life vary from 0.1 to 0.9.

3. The shapes of short surface and corner cracks, as
determined from examination of the broken test specimens,
are usually semi- elliptical and quarter-elliptical,
respectively. The aspect ratios are in good agreement with
the equation

c/a =0.9 - 0.25 (a/t)?2

4. The growth rates of short cracks in these aluminum
specimens differs in general from those of long cracks in
the same material. Short cracks grow faster than the long
cracks for negative R-ratios and slower than the long
cracks for R = 0.5. At R = 0.0, the two kinds of cracks
grow at about the same rates. Also, there is a stress
effect on the growth rates of the short cracks at negative
R ratios.

5. The laser-based Interferometric Strain/Displacement
Gage is capable of measuring the crack opening
displacement (COD) across very short cracks at the roots
of the notches. Since it measures so close to the crack
surface, the resulting load-COD curves clearly show the
crack closure effect. This technique is also used to
measure the strain at a notch root.
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6. The crack compliances of short surface cracks, obtained
form COD curves, show a linear relationship with the crack
length. The compliances of short through-thickness cracks

also vary linearly with crack length (in the direction of

depth).

7. The crack closure load ratios measured for the short
cracks were in general lower than those predicted for
longer cracks. There is only a slight difference for
positive R-ratios, but the difference is significant for
negative R-ratios, where the measured closure ratios for
the short cracks were nearly zero or less than zero.

8. An attempt to explain the difference between the growth
rates using an effective stress intensity factor range to
account for the crack closure was partially successful.
This approach improved the correlation between long and
short crack growth for R = -1.0 and -2.0, but did little
to explain results for positive R-ratios. Micro-
structural effects and the plasticity of the notch root
add to the complexity of this problem.
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APPENDIX I

A. Stress Intensity Factor Calculation

The calculation of the stress intensity factor range ( K)
assumes either that a semi-elliptical surface crack is located
at the center of the edge notch or that a quarter-elliptical
corner crack is located at an edge, as shown in Figure A-1. For
a surface crack found at other locations along the bore of the
notch, the calculation is adequate if the crack is small

compared to the thickness of the specimen.

To calculate the stress intensity factor at the point
where the crack intersects the notch surface, the crack length,
a, and the crack depth, ¢, must be known. When the crack
length, a, is measured then the crack depth, c, is calculated
from the following equation for either a surface or corner

crack:
c/a = 0.9 -0.25 (a/t)?2
where a, ¢, and t are defined in Figure A-1.

The stress intensity factor range equation {[49] for a
surface crack located at the center of the edge notch and

subjected to remote uniform stress is

AK = ASYma/Q- Fsn
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The equation for a quarter-elliptical cormer crack is

AK = ASYma/Q+ Fen

for 0.2%a/cs2 and a/t < 1.

These equations are modified from the empirical stress
intensity factor equations, which are obtained by fitting to
the finite element results for two-symmetric, semi-elliptical
surface cracks and for two-symmetric, quarter-elliptical corner

cracks at a hole in a finite plate, as shown in Figure A-2.

The stress range, AS, is the full range, Smax - Smin, for

constant amplitude loading.

The shape factor,Q, is given by

1 + 1.464 (a/c) for a/esl

o
1]

1 4+ 1.464 (c/a) for a/e>1

po
]

The functions Fcn and Fsn are found as follows.

Fen = Fsn (1.13-0.09 a/c) for a/csl
Fcn = Fsn (1 + 0.04 c/a) for a/ce>l
Fsn = [M1 + M2 (a/t) + M3 (a/t) ] gl g2 g3 g4 fl f2
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IA

where for a/c< 1 and ¢ = 1/2,

and for a/c > 1 and ¢ = T/2.

Ml = £f2 = (c/al)l/2

Other subfunctions of Fsn are

M2 = 0.05 / [0.11 + (a/c)l.5]

- 1.5
M3 =0.29 / [0.29 + (a/c)" 7]
gl =1
g2 = L+ 0.358k + 1.425k2 - 1.578k3 + 2.156k%

1 + 0.08k2
k = L
1 +0.1564 c/r
g3 =1+0.1(1+ a/e)to
1/2
gh = 1.14- 0.1 / (1 + c/r) for 0.2s(a/c)s2, (a/t)<1,
and ¢ = m/2.

The finite-width correction, fl, is

fl1 = (-0.2n + 9.4n - 19.4n + 27.1n ) where n = (c+r)/w.
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B. Replica Method

A replica of the notch surface is made after each cyclic
interval which is specified in Section II, Experimental
Procedure. At each cyclic interval, the specimen is held under
a constant applied stress, S = (0.8)S ., , while the replica is
taken. The replica material is acetylcellulose film, with a
width of 0.034 mm (Item Number 14640, Ernest F. Fullan, Inc.),

which is cut into pieces about 8 mm X 30 mm.

Prior to making each replica, the notch surface is cleaned
with acetone. A piece of the replica material is held in place
loésely against the notch surface using a metal or glass rod
with a diameter slightly smaller than that of the notch. A few
drops of acetone, applied with an injector or a swab, are
allowed to flow between the film and the notch surface. The
film is then touched lightly to the notch surface and left to
adhere and dry for at least five minutes. While the replica is
in place on the specimen, the surface is checked for flaws such
as bubbles or other artifacts using a low-magnification

microscope with a relatively long focussing length.

Once dry, the replica is slowly peeled from the specimen.
Best results are obtained when the replica is handled with
tweezers. One of the top corners of the finished replica film
is chipped away to aid in orienting the replica for analysis
under the microscope. Each replica is attached with

double-sided tape to a microslide, labeled with the number of
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cycles run at that point in the experiment, and stored in a box
marked with the specimen number. Analysis of the replicas from
the last replica to those made early in the life of the

specimen permits easy location of the crack.

Occasionally a replica will be twisted or have an
unusually large curvature, making crack length measurements
less accurate. For this reason, the position of the crack tip
from each replica should be marked on a montage of micrographs
from a relatively flat replica. A holder can be made from a
thin metal plate with a slit at the center; this will keep the

replica flat when it is observed under an optical microscope.
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C. Stress-strain Analysis of the Notch

The data in Table C-1 concerning elastic normal stress
distribution along the center line of the specimen were taken
from reference 18. The table gives the location, x, normalized
by the hole radius, r, against the stress concentration oyy/S,
where S is the gross stress.

TABLE C-1
STRESS CONCENTRATION AROUND THE NOTCH

x/r oyy/$s x/r oyy/S
1.00 3.170 1.15 2.378
1.01 3.096 1.20 2.206
1.02 3.027 1.30 1.944
1.03 2.962 1.40 1.756
1.04 2.901 1.50 1.618
1.05 2.843 1.60 1.513
1.06 2.787 1.70 1.433
1.07 2.734 1.80 1.370
1.08 2.683 1.90 1.319
1.09 2.634 2.00 1.280
1.10 2.587

The notch plastic zone was estimated using Irwin's method
for each loading condition, based on the elastic normal stress
distribution around the notch as shown above. Table C-2 shows
the calculated notch plastic zone radius, r*, for a yield

stress of 359 MPa.

As shown in Table C-2, since the stress at the notch was
above the yielding point for several loading conditions, notch

stress-strain was analyzed using Neuber's rule,

€e0 = K%-e-s
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and the stress-strain relationship,

1
g O\F®
€ = =+ (=0

gt ®
where € and o are local strain and stress, e and S are remote
strain and stress, Ky is the elastic stress concentration
factor, E is the elastic modulus, and K and n are constants in
the stress-strain curve.

TABLE C-2
ESTIMATED NOTCH PLASTIC ZONE

R Smax Radius of Notch Plastic
Zone (mm)
0.5 225 1.59
205 1.27
195 1.11
0.0 145 0.41
120 0.08
110 -
-1.0 105 -
80 -
70 -
-2.0 75 0.47%
60 0.08%
50 -

*Yielding in compression for Smin

For the material Al 2024-T3 and the specimens used in this

study, the constants are:

E = 73,100 MPa
K = 455 MPa [59]
n = 0.032 [59]
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The notch stress and strain with the remote stress are
calculated by Neuber's rule, while the notch strain was

measured against the remote stress using the ISDG technique.

Two indentations with a spacing of 50 microns were set on
the root of the notch and the relative displacement between the
indentations was measured as shown in Figure C-1. From the
curve of Figure C-1, the measured displacement for the remote
stress of 145 MPa, corresponding to 3,749 1bs, is 0.35 m.

Thus, the measured notch strain will be

0.35 um _
——EG—EET = 0.0070

This measured value is quite close to the value calculated by

Neuber's rule (0.0077), within 10%.

Table C-3 shows the notch stress and strain, comparing

values calculated from Neuber's rule and measured values.
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D. Alignment of Grips and Checks

As shown in Figure I11-3, the fixtures gripping a specimen
consist of two parts: the base fixtures, which are attached at
the bottom to the hydraulic ram of the test machine and at the
top to the load cell, and the specimen grip sets, which are

attached to the base fixtures.

The bottom base fixture, which has a spherical joint
inside, was aligned to be parallel to the test machine table.
This was accomplished by adjusting the spherical joint. The
parallelism was achieved through the following steps.

1. A dial gage with a precision of 0.0005 inch was

mounted on the test machine table and the probe was

positioned vertically on the edge of the bottom

base fixture.

2. The hydraulic ram was brought to the bottom of

the machine, instead of being allowed to float in the

hydraulic liquid, and rotated.

3. The dial indicator was monitored while the

hydraulic ram was rotating. Dial gage variations could

not exceed 0.0005 inch.

4. If the variations were greater than 0.0005 inch,

the appropriate adjusting bolts in the base fixture

were tightened.

5. Procedures 3 and 4 were repeated until the bottom
base fixture was parallel to the table.

The top base fixture has the same structure as the bottom
base fixture. It was also aligned parallel to the table in a
procedure similar to the bottom base fixtue alignment described

above. In this second procedure, however, the dial gage was
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mounted on the bottom base fixture and the probe was positioned

vertically on the edge of the top base fixture.

After the base fixtures were aligned, the specimen grips
were attached to the base fixtures and aligned using a
strain-gaged specimen. Five strain gages (Micro-Measurement;
CEA-13-062UW-120) were placed as shown in Figure D-1 on each
side of a specimen which had the same dimensions as the study

specimens but did not have a notch.

The alignment procedure for the specimen grips was as

follows.

1. Specimen grips were finger-tightened at the top (or
the bottom) base fixture. The strain-gaged specimen was
put in place, the other specimen grip was tightened by
hand, and the specimen was loosely fastened.

2. Another specimen grip was placed at the other side of
the specimen and aligned parallel to the specimen as
accurately as possible; then that pair of grips was
tightened by hand and the specimen loosely fastened.

3. Approximately 300 lbs of tension load was applied;
then the specimen was tightly fastened.

4. The test machine was unloaded and one set of specimen
grips (top or bottom) was fastened tightly.

5. The other set of specimen grips was loosened from the
base fixture and adjusted while reading the strain from
the strain indicator. Before any readings were taken,

the strain was set to zero while the specimen was in a
free condition.

After the specimen grips were aligned, one grip from each
of the two pairs (same side top and bottom) was never loosened
until it had to be aligned again; this was the '"'reference

grip." To check for misalignment, strain gage readings were



152.5 mm

;//47///

.

Face |

I

e I'?:sf'lgal
¢ 3 1% fg
37mm I
._l__ 5eC
I
152.5mm '/ 1
Direction //WA
of strain o—50 mm-»
measurement ////V///
/Foce3
¥ ///"///
¢
FRONT
Figure D-1.

One of grip set
defined as
"reference’ grip

Strain gauges

711111/

Face 2

v

4

o
ne
e

6

7

Face 4

SIDE

alignment

/111

BACK

Strain-gaged specimen to check

120




121

taken at zero load and at 10 KN (= 2,240 1lbs) load in the
manner described below.
1. The strain-gaged specimen was placed so that the
front face (face 1 in Figure D-1) was in contact with the
reference grip (the standard position). The grips were
tightened, and strains on all gages were read at zero
load. This strain reading was labeled enSo at gage

number n, standard position, zero load.

2. A tensile load of 10 KN was applied and the strains
were measured (strain = epgo ).

3. The specimen was unloaded and removed, then replaced
so that face 4 (see Figure D-1) was in contact with the
reference grip (reverse position). Grips were tightened,
and strains were read on all gages (strain = eprig)-
Strain measurements from the above procedure are shown in
Table D-1. The bending strains are given by the difference
between ens and epr, such as elgo - elRo. The final bending
strain values are the average of those obtained from opposite

gages, such as 1 and 2. The resulting bending strains at A, B,

and C are plotted in Figure D-2.

The criteria of misalignment for lateral bending, ep, and
rotational bending, egp, are [49]:

20 microstrain
10 microstrain

ey
R

A A

The measured values of e and e at zero load are

e, = 12 microstrain
egr = 12 microstrain

while at a load of 10 KN,

ep = 13 microstrain
er 3 microstrain

which nearly satisfies the bending criteria.
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TABLE D-

1

STRAIN MEASUREMENT FOR ALIGNMENT CHECK
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RX Bending Average S1X

R1X Bending Average

Strain

S = . = = - - = = e = - - - . -

A 1 -17
2 13
B 3 -19
4 14
c 5 -10
6 7
D 7 -19
8 15
E 9 -18
10 16

-30
24

-29
21

-31
27

=25
30

-38
21

Strain
13
11 12
10
7 8.
21
20 20.
6
15 10.
20
5 12.

5

5

5

5

1152
1181

1144
1190

1162
1183

1188
1186

1143
1187

1149
1184

1145
1193

1149
1198

1186
1187

1141
1188

14

1.5

1.5

The criterion for torsional misalignment, which is the

difference in the bending strain at points D and E, is less

than 15 microstrain [49]. The measured value of the difference

between points D and E is 2 microstrain at zero load and 0

microstrain at a load of 10 KN.

The criterion for the tensile strain range is defined as

follows.
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— = 1.01

which satisfies the criterion well.
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ORIGINAI. /7% I3
E. Test and data program list OE POOR QUALITY,

KERKXKKKKKKXXKKKX NACOMS . FOR *XtXXX*XlX*X*XXX******X*X*X**X****!t*xtt

c
[
C This 1s the REVISED version of NACOMF to messure
c COMPLIANCE for R<0, of small crack,
C June 89, JeJJLEE

DIMENSION RAM(1200)

DIMENSION IRAH(IQOO)vLB(éoo)rIDSP(éOO)rXRAH(lZOO)oLD(éOO)

EYTE ICHAR

INTEGERX 4 INNy» INNI,INL1sNC

INTEGER IFLNM(10),ISF(10)

INTEGER CH1sCH2yCHINsCH2N

TYFEXs "USING 20,000 LE L/C ? -- Y=1"
ACCEFTx, IGA

IF(IGA.NE,1)GO TO 650
3 CONTINUE

WRITE(7»%) " SFECIMEN NO. 7'
READ(S,S)ISF

TYFEX» ‘No. of cycle 7 -

REALD(S %) IF

WRITE(7,%) "FILE NAME FOR COMFLIANCE?
REAL(S»3)IFLNM

FORMAT(10A2)

[&]

0PEN(UNIT=1yNAHE=IFLNHvACCESS=’DIRECT’v
X INITIALSIZE=10/+RECORISIZE=604)
WRITE(7+8) 'COMFLIANCE FILE=',IFLNM
8 FORMAT (204+10A2)

WRITE(6910) IFLNM
10 FURHAT(/rTér’*X!!X*t!**l*t!t*X!!X*!*Xx*****t!t****x***’

X ATé6r X sy 1Xy ' COMFLIANCE MEASUREMEMNT " y 16Xy %"
X /Té;'xxxxxxxxxxxxxxx*xxxxxxxxxx*xx*xxtxxx*xx*x'
X /T11,'COMFLIANCE FILE =',10A2/)
WRITE(6s12) ISP
WRITE(&s11) IF
11 FORMAT(10X» "MEASURED CYCLE = “»I1691Xs "CYCLES")
12 FORMAT (10X, SFECIMEN NO. = ’,542)
CALL ACGUT(0,0s1)
CALL AQUT(Os1,1)
CALL AQUT{(0s,2s1)
WRITE(7,%) %k HOOK UF MTS MACHINE XK’
CALL ISLEEF{0+0s4+0)
C --=- 1nrut the information and errint ---—

TYFEX, MAX., LOADL 7

ACCEFTXxy»FMAX

TYFEXy "MIN. LOAD ( =INITIAL LOAL) 7~

ACCEFTX,FMIN

TYFEXs “NO, OF STEFS IN LOADNING(same ro. in unloadirg)?’
TYFEX, -==100,200,300s.,.t0 400Q0~--- ~

ACCEFTX,»NOS
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WRITE(6+15) NOS
15 FORMAT(10Xy»’'NO. OF STEFS IN LOADING(same no. in unloading)="
1 s IS)

TYPEXy ‘REFLECTED ANGLE A0 ? CREAL) and BASE LENGTH DO ?(REAL)’
ACCEPTXx,A0QsDO

TYPEXy 'DEALY IN EACH INCREMENT 7 ( ITICK)’

ACCEFTXx,ITICK

FS=1.
IF(FMIN.GT.0.) GO TO 20

TYFEXy X% LOADING IN COMPRESSION %%’

TYPEXy ' ==~==~ IS IT O0.K. 7 Y=1 -==-- ‘

ACCEFTx,» KO

IF(KOJNE.1) GO TO 450

WRITE(7»%) %% SET THE INITIAL LOAD (FMAX) XX’ y»FPMAX
RL=-(FMAX~FMIN)

GO TO 25

20 TYFEX, 'X%x SET THE INITIAL LOAD xx "yFMIN
CALL ISLEEF(0+0,S5,0)
RL=FMAX-FMIN

25 0o=00%100.
WRITE(6+50) FMAXsFMINIADYDO/100.
50 FORMAT(//10X» *MAX. LOAD ='9+F10.3+/10Xs"MIN. LOAD =',F10.3
X /10Xy "REFLECTED ANGLE ='+F7.3+/+10Xy
X "INITIAL DISTANCE OF INDENT.="»F7.3+1X, "MICRONS")

C ----make and store 3 ramep wave

00 110 K=0sNOS
AK=Kx1,
XRAM(K)=QK/FLOAT(NOS)XRL
110 CONTINUE

DO 120 K=NOS+1,NOSX2
QK=Kx1, :
XRAM(K)=(FLOAT(NOSX2)-QK)/FLOAT (NOS) XRL

120 CONTINUE

O 125 K=0sNOSxX2
IRAM(K)=XRAM(K)*%2048,/20000.+.5

123 CONTINUE
150 IF(FMAX.GT.19900) GO TO 650
160 CONTINUE
€ --- call VIEW and check MLCy MSF~---
NPTS=60
NAV=10

CALL VIEW(NAV,MLC1+MSF1,MLC2yMSF2)

WRITEC(7y%) "CONTINUE? Y=1,N=2"



C -=--run

C ---che

350

360

30

C ---ini
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ACCEPTX,ILT

CH1=MLC1%x8-1024
CH2=MLC2%8-1024
CALL AOUT(CH1,0,1)
CALL AQUT(CH2,1y1)

IFCILT.EQ.1)60 TO 340
CONTINUE

TYFEXy "RUN JUNK 7 Y=14N=2’
ACCEFTx,ILC

IFCILCLEQR.2) GO TO 650
JUNK ---
CALL JUNK
ck MSF, MLC ---
CONTINUE
CALL VIEW(NAVsMLC1/MSF1,MLC2,MSF2)

CH1=MLC1%x8-1024
CH2=MLC2x8-1024
CALL AQUT(CHL1,0,1)
CALL AQUT(CH2,1,1)

TYPEXs’O.K 7 Y=1, N=2*
ACCEFTxyILC

IFCILC.NE.1) GO TO 200

CH1=MLC1%8-1024
CH2=MLC2x%x8-1024
CALL AOUT(CH1,0s1)
CALL AOUT(CH251,1)

WRITE(S6730) MLC1,MSP1,MLC2,)MSF2

TYFEX, “%x%%x NOW START LOADING x%xx’

CALL ISLEEF(0s001,0)

FORMAT(//»10Xs "MLC1 =’v3X;I5110X-'HSF'1=’y3XvIS!/710Xr/HLC2=' ’
IXrIS5,10Xy ‘MSF2=/+y3Xs15s//5X,  K%% Maximum Values ’
r1Xs XXX /)

tisalize the data of SNI ---

SO0=(MSF1+MSF2) x4
AD=A0%3.14146/180.,
CE€=0.6328/(2%xSOXSIN(AQ))

CHIN=CH1

CH2N=CH2

NOSFO=0

NQ=1

NOSF=0

CALL SND(NFTS;HSPIvHSPZyCHlN;CHQNrCHl-CHQ»NAU;CC;NDSPvNDSPO)
CHIN=CH1

CH2N=CH2
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NIISF=0
405 CALL AQUT(0s251)
NS=1
NQ@=0
35 FORMAT (2Xs 'NS(0dd no, is loadingd)="»I5s1Xs'NQ="916+2Xr1851X,
X ‘LB sI991Xs "MICRN/100")

DO 410 IK=1,NOS
NQ=NQ+1
CALL AQUT(IRAM(IK)»2,1)
CALL ISLEEF(0+0+s0,ITICK)
CALL AINCLD(N@) 2y1)
CALL SND(NPTS;”SPI9HSP2:CH1NvCH2N,CH1yCHQvNAU:CCvNDSPvNDSPO)
LE(NR) =10XLD(NQ)
OSF2=NDSF
DSF3=0SF2/(1-DSF2/00)
IDSF(NQ)=0SF3+.5

410 CONTINUE
URITE(l’NS)NSI(LH(KR))IDSF(KR)vKR=11NQ)

WRITE(6r3S)INSsNQ/LE(NGS), IDSP (NOS)
WRITE(7»35)NSsNQ/LBR(NOS) » ILISF(NOS)

NS=NS+1
NQ@=0 :

DO 420 IL=NOS+1,NOSX2
NQ=NQ+1
CALL AQUT(IRAM(IL)»2+1)
CALL ISLEEF(0,0,0,ITICK)
CALL AINCLD(NG)»2,51)
CAaLL SND(NPTS;HSPIvHSPQ:CHIN:CH2NyCH1yCHQrNAU:CCrNﬁSP:NDSFO)
LE(NQ)=10%LD(NG)
DSF2=NDSP
USF3=DSF2/(1-DSF2/D0)
IDSF(NQ)=0OSP3+,5S

20 CONTINUE
WRITEC1'NS)NSy (LE(KR) » INSF(KR)»KR=1sNQ)

IF(I.GT.NI) GO TO 400

CALL KEYERD(ICHAR)
IFC(ICHAR.EQ.’S’) GO TO 400

NS=NS+1

CALL AQUT(O0s2s1)

600 CONTINUE
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620 CALL AOUT(0y2s1)

CLOSE(UNIT=1) '

TYPEXs ‘XX WANT TO MEASURE ONCE MORE? Y=1, N=2s3s..."
READ(S»X)ILNS

IF(LNS.EQ.1)G0 TO 3

650 STOF
END

C XRXXXKXXSUBROUTINE JUNK RKXKXKKKKKKKKKKKKKKK
SUBROUTINE JUNK
BYTE ICHAR

00 300 JUK=1,30000
CALL AOUT(1032,3,1)

D0 310 IK= 1,257
IAL=8%IK-1032
CALL AOUT(IAL,O0r1)
CALL AOUT(IAL»1,1)
310 CONTINUE
CALL KEYEBRI(ICHAR)
IFC(ICHAR.EQ.,’S’) GO TO 350
CALL AOUT(0s3,51)

300 CONTINUE
350 RETURN
END

C XAXXXXXXXXX subroutine SNI KEXXKXXXKX

SUBROUTINE SND(NFTSsMSF1yMSF2,CHINCH2NsCH1»CH2,NAY»CCsNISF»NISFQ)
INTEGER T1,T2yCH1sCH2,CHIN,CH2N
INTEGERX4 NIOSFsNDSFOsNLS
DIMENSION T1(60),T2¢(60),IV1(460),IV2(60)
ISH=0
00 260 J=1/,NFTS.
J1=J '
T1(J)=CH1-8%X((NFTS/2)-J1)
T2(J)=CH2-8%((NFTS/2)-41)
260 CONTINUE

0 270 J=1,NFTS

CALL AQUT(T1(J)»0s1)

CALL AQUT(T2¢J)r1y 1)

CALL AINCIV1(J)s0r1)

CALL AINCIV2(IIsisl)
270 CONTINUE

JS=NFTS/2

CALL AQUT(T1(JS)»0s1)

CALL AQUT(T2(JS)r1s1)

IMFT1=0

IMFT2=0

00 280 KJ=1,NAV

IMPT1=IV1I(KJ)+IMFTL

IMFT2=IV2(KJ)+IMFT2
280 CONTINUE

IV3=IMFT1

IV4=IMFT2

CH1=T1(1)

rJ
W
@
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CH2=T2(1)
N?=NFTS-NAV-1
DO 300 KK=2/,N9
KT=KK+NAV~-1
IVI=IVI+IVI(KT)=-IVI(KT-NAV)
IV4=TV4+IV2(KT)-IV2(KT~NAV)
IF(IV3.GE.IMFT1)GQ TO 290
IMFT1=1IV3
CH1=T1(KK)

290 IF(IVA.GE.IMFT2)G0O TO 300
IMFT2=1V4
CH2=T2(KK)

300 CONTINUE

304 IFC(ISH)305,308+306

305 CHIN=CH1
NOSFO=NDSF~CCX100.X(CH2-CH2N)
ISH=0
GO TO 3346

306 CH2N=CH2
NDSFO=NDSF-CCX100.X(CHIN-CH1)
ISH=0
GO TO 33¢

308 DSF=((CHIN-CH1)+(CH2-CH2N) )XCC%100.
NOS=0SF+.5

310 NDSF=NDSFO+NDS

250 IF((CHIN-CH1).LE, (8XMSP1))G0 TQ 252
CH1=CH1+8xMSF1
ISH=-1
GO TO 2858

252 IF((CH1-CHIN).LE.(BXMSF1))G0O TO 254
CH1=CH1-8%XMSF1
ISH=-1
GO TO 258

254 IF((CH2-CH2N) ,LE. (BXMSF2))G0 TO 256
CH2=CH2-8%MSF2
ISH=+1
GO TO 258

256 IF((CH2N-CH2).LE. (BXMSF2))G0 TO 334
CH2=CH2+8xMSP2
ISH=1 .
GO TO 258

334 RETURN
END

C XXXXXX Subroutine VIEW XXXEXXXX

SUBROUTINE VIEW(NAVSMLC1/MSF1,)MLC2,MSF2)
INTEGER T1,72
DIMENSION T1(257)rT2(257)yIUl(ES?)vIUB(ZS?)vAU1(257)yA02(257)
CALL ISLEEF(0s0+,1,0)
PO 360 J=1,257
T1(J)=8%xJ-1032
T2(J)=8%J-1032
360 CONTINUE
DO 370 I=1,257
CALL AOUT(TI1(I)»0s1)
CALL AQUT(T2(I)»1s1)
CALL AINCIVI(I)s0r1)
CALL AINCIV2(I)s1s1)
370 CONTINUE
IMPT1=0



380

400

420
430

440
450

470
480

IMPT2=0

DO 380 KJ=1,NAV
IMPT1=(IVIC(KJ)+IMFTL)
IMFT2=(IV2(KJ)+IMFT2)
CONTINUE
AV1(1)=IMPT1/10
AV2(1)=IMPT2/10
N?=257-Nav-~1

DO 400 KK=2,N9
KT=KK+NAV-1

AUI(NK)=AUI(KK—1)+(IUI(KT)-IU1(KT-NAU))/NAU
AUB(KK)=A02(KK-1)+(IU2(NT)~IU2(KT-NAV))/NAV

CONTINUE
DO 420 1I=168,88,-1
II2=II+2
II3=11+6

-II4=11+8

Al=AVI(II)
A2=AVI(II2)
A3=AVLI(II3)
A4=AV1(II4)

S1=A3-A4

§2=A1-A2
IF(S1.6T.0.)G0 TO 420
IF(S2.LT.0.)G0 TO 420
MLC1=II

GO TO 430

CONTINUE

M1=MLC1-30

[0 440 IJ=M1s1,-1
I1J2=T4+2

1J3=1J+6

IJ4a=1J+8

Al=AVI(IY)
A2=AVLI(IJ2)
AJ=AVL1(IJ3)
A4=AV1(IJ4)

S1=A3-A4

S2=A1-A2
IF(S1.6T7.0.)G0 70O 440
IF(S2.LT.0.)G0 TO 440
MCl=1J

GO TO 4S50

CONTINUE
MSF1=MLC1-MC1

00 470 Ju=88,148
JJ2=J4-2

JJ3=dJ-6

JJa=0J-8

B1=AV2(JJ)
B2=AV2(J42)
B3=AV2(JJ3)
B4=AV2(J4J4)

S1=B3-B4

S2=R1-R2

IF(S1.G6T.0.) GO TO 470
IF(S2,LT.0.) GO TO 470
MLC2=JJ

GO TO 480

CONTINUE

N1=MLC2+30

131



490
492

[0 490 JI=N1,250
JI2=J1-2

JI3=JdI-6

JI4=41-8

E1=AV2(JD)

B2=AV2(JI2)

B3=AV2(JI3)

B4=AV2(UT4)

S1=B3-E4

S2=K1-E2

IF(S1.GT.0.)G0 T3 490
IF(S2.LT.0.)G60 TQ 490

MC2=JI

GU TO 492

CONTINUE

MSF2=MC2-HLCD
WRITE(7»4) MLCL=’ +MLCLy MSF1=',MSF1
WRITEC7 %) 'MLC2=" vMLLDy ' MSF 2= yHGF L
RETURN

END

ORIGINAL PAGE IS
OF, POOR QUALITY
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OF POOR QUALITY

XXXKKKKKKKRXKKK NAFIT,FOR ***XIXX*XXX*XXXﬁlt****l**lt*******!**tl

This 1s 3 rrodram to get LEAST SQUARES straight lire
and det CLOSURE LOAD from smoothirmg curve by aversde
of dats from NACOMX.FOR

JULY 19835 J.J. LEE

DIMENSION X(éOO)vY(600)vXD(éOO)vYL(éOO)vLB(éOO)vIDSP(bOO)
INTEGER FLNN(10)ISFCM(10)
COMMON X»YsI1s12,1I3

K2=1
WRITEC7,%) %% SFECIMEN NO. ? XX’
READN(S,3) ISFCM

TYFEXs’ MIN. & MAX. DISFL XMIN=? XMAX=7"’
ACCEFTX s XMIN» XMAX

TYFEXy " MIN. & MAX. LOAD 3 YMIN=? YMAX=7"
TYFEXy .., WANT metric umit 7 vees’

TYFEX, * 1 LE = 4,448 Nt -

ACCEFTX, YMINsYMAX

WRITEC(7y%) %% FILE NAME? %x’
READ(S s 3)FLNN
FORMAT (1042)

TYFEX,y * NO. OF STEFS 7~
ACCEFTXx,» NOS
TIFEXy ' LOALIING (=1} or UNLOADING (=2)

ACCEFTx» NS
TYFEX, ’ seve READING INCREMENT ? (every st =1, evers other

ACCEFTX, IR

DPEN(UNIT=1vNAHE=FLNNvTYPE=’0LD’vﬂCCESS=’DIRECT’v

INITIALSIZE=20)RECORISIZE=604)
WRITE(6+10) FLNN

FORMAT(SX s " XXKKKKKKKKKKKAK KK XK KKK FILE NAME =',SA2,2X,
TEEKKKKKKKKKKKKKKKKKKKKRKKKKKKKKKNK ' / /)

WRITE(6220) ISFCM
FORMAT (10X’ SFECIMEN = /»542)

READCL'N5S) NSy (LB(K)»IDSF(K), K=1,NOS)

00 SO I=1sNOSyYIR
WRITEC7%) NSsI LBCIV»IDSF(I)
CONTINUE

0O 60 J=1yNOSy IR
X{IY=FLOQATCIDSF(J)) /100,
Y{(J)=FLOAT(LE(Y))

WRITECZ %) Y=y (J)y Xz ,%(J)
CONTINUE

SUMX=0.
SUMX2=0.,
SUMY2=0.
SUMY=0G,
SUMXY =0,

WRITEC7y%) X%XkX Choose LINEAR FORTION XKXX’
TYFEXs v.ovuv. . o FROM 2 (load in FOUNGS )

ra



70
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20
1006
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O
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READ(S,yx)FF
TIFEXy v ey yu, TO 7 {load 1n rounds)
READ(S, x)FT

09 70 K=1,NOS, IR
IF(Y(K).GE.FF, 50 TQ 90
CONTINUE

M1=R

D0 70 L=M1yNOS IR
IFCYCLYLGELFT) GO TO 190
CONTINUE

MOt

WRITE(Zy%x) T ML= MLy L, M2=7, 42

DO 112 [=M1sM2yIR
SUMX=SUMX+X (1)
SUMX2=5SUMX2+X () xx2
SUMY2=SUMY2+Y (1) kx2
SUMY=SUMY+Y (T

SUMX r=SUMXY+X{I)xY([;
CONTINUE

M=(M2-M1)/IR+1

EX=3UMX/M

BY=3UMY/ 4
ALX=SUMX2-SUMXXX2/h
ALY =SUMYZ~3UMTXX2/M
ALXY =SUMXY-SUMXXSUMY . M
A2=ALXY/ALX
AL=BY-A2KEX

R=ALXY, SQRT(ALXKkALY;
C=1/04244.443)

WRITECT %3 "A2= A2y 'R="yRy Clums/Ntj="o(
WRITECay4) LINEAR FORTION = “,FF.’ TO +FT,  mounds:

WRITECSEYX) " AL=’ A1y A2=" A2y’ Correlztion R="wRy "Cium/Nt)= o

WRITECZy 45 "00 YOU WANT FLOT? Y=1,N=D¢
READ(Sy k3 [F
[FOIFONE. LD TO 144

WHEITEC7y %) "[0 YU WANT CALCULATE THE NEXT COMFLIANCE? r=1.

READCS, % [ST
IFCISTOWNEL1YGO TO 290
Gu 790 15

CONTINUE

CALL FLTSET
CALL FLTSCLOXMING XMAX» YMINIYMAX 1.9l orD.s7.)

[FOKZWEQ.L)Y GO TO 133

WRITECT %) MIN & MAX UISFL; XMIN=7? xMAX=?
READCIS 1 k) XMINY XMAX
WRITEC7v k) “MEIN & MAX LOADG YMIN=7 YMAX="
READCS X)) TMIN, YMAX
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135

140

170

186

ORIGINAL PAGE 13
OF POOR QUALITY

CALL FLTSET
CALL FLTSCL(XMINY XMAXs YMINYYMAX»1.91,99.97,)

WRITE(7»%) [0 LABELLING? Y=1,N=2"
READ(Syx)LAR

IF(LAR.NE,1,G0 TO 135

CALL FLTMOV(4.,,7.1,1)

CALL FLTSTR{ISFCMs10,3.51)

CALL FLTAXS(S»4)

CALL FLTSMUV(XMIN,YMIN)

BYTE CHAC(S)

TYFEX, FLOT raw dats? Y=1yN=1"
REAIN(Sr X NS1

Il1=11

12=N0OS

I23=IR

IF{NS1.NE.1) GO TO 140

CAaLL FLOT

0O 170 I=19NOSHIR
XO{I)=(YC[)-Al)/A2
Lely=XLC

CONTINUE

TYFEX, "FLOT fitting line? Y=1,N=2"
ACCEF Tx, INS
IF(INS.NE. 1) GO TO 171

CALL FLTSET

CALL FLTSCLOXMINIXMAXs YMINIYMAX s 1.r1.099u9 7.0
CALL FLTSHMUVIXMIN/,YMIN?

I13=20

CaLL FLOT

TYFEX, %X CALCULATION for CLOSURE value ? Y=1yN=2"

ACCEFTx, JUNS
IFCJNS.NE.1) GO TO 193

IF(NS.NELW2) GO TO 175
g 172 4=1+NOS» IR
XOCH) =FLOATCIDSF(NDS+1-J))/100,-%()
CONTINUE
GO TO 185

00 180 J=1s,NOSrILK
XOD(IY=FLOATCIDSF(U) )/ 100.-X (17
CONTINUE

D0 186 J=11yNOS-5»IR
SUMXD=XD () + XD+ EXDCG+27+XDCI+3)+ XD+
XACS) =8UMXD/ 3.
ACI+20=XACd)

CONTINUE

F1o=X(13)%,1
00 187 K2=31+N053-20s1R
IF(ABRS{X(K2) ) LE.F10) GD TO 188

135



187

188

189
190

191

173

174

195

136

CONTINUE ORIGINAL PAGE IS

YO=X(K2) XA2+AL OF POOR QUALITY,

IF(NS.NE.1) GO TO 189

WRITE(7+%) ' --0FENING LOAD =’,Y(K2)

WRITECS6sX) =~ OFENING LOAD =',Y(K2)y'from dats —---

GO TO 190

WRITE(7»%) ' -- CLOSURE LOAD=",Y(K2)

WRITE(6r %)’ ~- CLOSURE LOAD ="»Y(K2),°10% of mav. di1ffererce -°

CONTINUE
WRITEC(S69191) (I»X(I)9Y(I)»i=K2-69K2+6yIR)
FORMAT(/11Xs "I/ 98Xy X(I) " 98Xs’Y(LI) //(I13,2F13.5))

TYFEXy 4, .FLOT for CLOSURE 7 ...Y=1 N=2°
ACCEFTXs NSF
IF(NSF.NE.1) GO TO 193

CALL FLTSET

CALL FLTSCL(XMIN»XMAX» YMINIYMAX91491429,97.)
CALL FLTSMV(XMIN, YMIN)

I3=1IR

I1=13

I2=N0S-9%

CALL FLOT

GO TO 193

WRITE(7+%) ‘[lo 9o want to write characters on X-31is? Y=1,)N=2"’
READ(Ss %) IX

IF{IX,NE.,1)GO TO 195

BYTE CHAR{20)sCHART(20)yCHARR(20)»CHARS(20)»CHARC(20)
CALL FLTSET

CALL FLTSCLOAMINYXMAX s YMIN'YMAXs 1 91099097,

CALL FLTMOV(4.+,0.2,1)

WRITE(7y &) "Input "DISFLACEMENT-MICRONS*(or othner)for X-X-'
REAL(S,194)CHAR

FOURMAT(20AL1)

CALL FLTSTR(CHAR»20+2,,1)

CALL FLTMOV(=-2.5992.91)

WRITE(7»%) 'Input at KEYERD'LOAD-NEWTON'¢or other)for Y-T~
REAN{Ss1724)CHARY

CALL FLTSTR(CHARY»20+2.+4)

CALL FLTMOV{(1.,4.51)
TYFEXs ' Inrput *R=,."
REALI(S,»194) CHARR

CALL FLTSTR(CHARR»Z0,2.+1)

CALL FLTMOV(O.+-.5s17
TYFEXy ' Inrut *SI(MAX)=..."'"
READN(S»194) CHARS

CALL FLTSTR(CHARS20+2.91)

CALL FLTMGV(O.r=.30 1)

TYFEXy " Inrut *CRACK LENGTH=.,.""
READ(S,1?24CHARC

CALL FLTSTR(CHARC 209249 1)
WRITEC(7s%) [o wou rlot next ? Y=13iN=2"
READ(S»kIN1

IF(KL.NE.1)GO TC 200
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LRSS Wi

WRITE 7s%)Flot with the same truncation & scale? r=1iN=2"
READ(S x)K2

CLOSE(UNIT=1)

GO 10 2

200 CLOSE(UNIT=1)
STOF
END

C XXKKKK KKK KK K SUBROUTINE FLOT ****X****ﬂ************‘****
SUBROUTINE FLOT
DIMENSION X(600),Y(600)
COMMON XeYrI1sI2,13
BYTE CHAC(S)

WRITE(79%) Fts,with Cross inerut M20rysar.M22ycircle M23ytr191.,M24-
REAL(S,»131)CHAC
131 FORMAT(Sa1;
WRITECZ79%) ‘40, 1=/ I1,/12=7,12
140 00 150 I=I1,12,13
XO=X (I
YL=Y (1)
C URITE(?v‘)'I=';I;' Y= 9Y(Tiy" X="3X(I)
CALL FLTSMV (XD, YL)
CALL FENDN
CALL SOUT(CHAC,3)
159 CONTINUE
CALL FENUF
RETURN
END
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KKKKKKKK KK KK KK KKK NADADN.FORx*k*xxxxxxxx*xxxx#*tttxxxtxxxxxxxx

THIS IS TO FLOT THE DA/ON vs DELK on LOG-LOG SCALE
ON THE NEW FLOTTER(LVF14),
THIS IS COMEINED with UADNFL.FOR and NASIF.FOR.

AUG. 1985 J.J.LEE

UDIMENSION XK(IOO)yYD(lOO)rDADN(lOO)yUELK(100)1N(100)
DIMENSION CL(100)+,AAVG(100)

INTEGER FLNM(IO):ISPCN(IO)vOFLNH(lO)rSYNH(ﬁ)

CUMMON A;Smavam:nyB»RrwrNSIvDELKl

TYFEX, X% SFECIMEN NO 7 Xx’
READ(Sy4) ISFCM
FORMAT(1042)

TYFEX) "%XX fram OLD FILE ?oY=1y N=2°

ACCEFTx, NS2

IFINS2.,NE.1) GO TO 10

TYFEXs* ..., OLD FILE NAME 7,,,7

READN(S,»4) OFLNM

TYFEXy» ..,., NO. OF DATA »’

ACCEFTxyNOS

0PEN(UNIT=1vNAHE=0FLNNyTYPE=’ULD’vﬁCCESS=’HIRECT'v
INITIALSIZE=10rRECORDSIZE:604)

READ(I’NSQ)(N;N(K)vCL(K)yDELN(N)vDADN(R);N=0;NOS)
CLOSECUNIT=1)
B0 S K=1,NOS
WRITE(7,x) Kv’A=’yCL(N)y’mm'y’DELN='vDELK(K)”HFa’
CONTINUE
GO TO 25
= BE-3

2
50.E~3

B
R=3
u =

+3E-3
o1
00
TYFEXy ‘X% CARTEGORIZE THE CRACK xxx -

TYFEX,~ SURFACE CRACK=2, CORNER CRACK=1 -
RUCEFTXINS1

TYFEXy "Smau= (MFa;’
ACCEFTXy SMAX

TYFEXy "Smin= (MFa)’
ACCEFTXy Smin

WRITE{(7s%)'NO, OF DATA -
REAL(S»x)NOS

TYFEXy "o .. INFUT THE DATA ceee !
TYFEX, "’ QR for ENI' OF DATA ture 1n 1000

00 20 ro=0,N08
WRITE(79%x) “I="+10y» " CYCLESiCRALCA LENGTHC1rn mm) -’
READ(S, %) NCIDDsCLOID)
CONTINUE

C v v DADN is calculated in 1.EGkMM/CYCLE ...,

DU 27 I=1,N0OS



UADN(I)=(CL(I)-CL(I-1))11000./((N(I)-N(I~1))¥N51)
CONTINUE
DADN(0)=0.0

28]
(]

C +vsss FOR SURFACE CRACN CL=2%A »CORNER CRACK CL=A ...
[» DELK 1s calculated for AVG. a vebe e

AAVG(0)=0.,0
0o 30 J=1,n0S

AAUG(J)=(CL(J)+CL(J-1))/(FLOQT(NSI)*?o)

A=AAVG(J)

CALL NASIF

DELN(J)=DELK1

WRITE(7y%x) Jv’C.L=’v9‘1000*~51v’ﬁﬂ'v’UELK="DELK(J)
30 CONTINUE

8]
(4]

IF(NS2.,EQ.1) GO TO 39

TYFEXy " Xxx STORE DATA IN A FILE xxx’
WRITE(7y%) ' FILENAME? "

READ(S s 4)FLNM

0PEN(UNIT=1vNAHE=FLNHvACCESS=’DIRECT'v
¥ INITIALSIZE=10,RECORDSIZE=404)

NS=1

WRITE(1'NS) (KyNCK) s CLCK) y IELK (K) y DADNCK) 9K=0 s NOGS)
CLOSE(UNIT=1)

TYFEXy ... DATA FILE IS GENERATED +..,"

€ «vvo DA/ON=DADNXL . E-§ (MM/CYCLE) ..
Ceevss STORE DA/DON DATA with DALN urit ...

35 00 40 I=1,NOS
YLD =DAONCI ) X10,K%(-4)
XKCI)=0ELK( [}

40 CONTINUE

TYFEX, "<« WANT TO FRINT THE DATA 7 Y=1yN=2 »lhix’
ACCEFTXyNS3
IF{NSI.NE.1) GO TO 49

45 WRITE(S+46) ISFCM»SMIN/SMAX»SHMAXsNOS

44 FORMAT(///+15Xs X% [A/DON DATA XX’ //910X+ " SFECIMEN"
1 7 NO. = “,10A2,/10X, "STRESS RATIO='+F3.1,/10X+ ' MAX.3TRESS="
2 F3e121Xy "MF3’» /10Xy "NO.OF DATA=",15//

& 7Xy"CYCLE(X1000)s3Xy“CRKN L 23(mm) "o 1Xs"AVG, a3(mm)’ +»3X,
3 DELK{MF3-M)’'+3X» ' DAON(mm/CYCLE) /)

r

WRITE(7+%) “.,,. NOS=",NOS

00 47 J=0,NOS
WRITE(6r48) JINCIY 2 CLCU) »RAVG () DELK (J) s DADN ()

47 CONTINUE )
48 FORHAT(/?X;I3v4XrI5710X:F5.377XyF5.2v12X1FS.2!2X1F8.3;1X;
1 "X1.E-67)
TYFE&y 4 WANT TO FLOT ?  Y=1,N=2 ,.,..~’

ACCEFTXxy NF
IF(NF.NE.1) GO TO 165

COOOO"'OOOQQ&O'

C oooqoqtoLQEELING LOG'LOG SDALE b3 F'LOT»..soo’

O% POOR QUALITYI
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[» LK I A A N R Y

49 TYFEX,’ D WANT TO FLOT 7 Y=1, N=2 5%
ACCEFTx, NF2
IF(NF2.NEJ1) GO TO 145

WRITEC(&y %) ’IN?SPI?IPIBSO;?SO:7400:6900FSC012000;0:6000’

TYFEXs“veses WANT TO LAKEL(=1) or FLOT THE DATA onlw(=2)7-
ACCEFTXyNSZ

IF(NSS.EQ.2) GO TQ 125

TYFEX?»“ooos NOW LABELING ...,..-<

TYFEX,’ ?? CHECK A FAFER ON THE FLOTTER ?%°

TYFEX, ' READY ? y=1-

ACCEFTX» NS4

WRITE(&y %) "FUC»OFDI2000507200096000,0+6000,090FU "
WRITE(G6sX) ‘CF40,-3.;DT #SI.25 33LBUELK (MFA-M ~

WRITECS» %) "LEL/2) 5

WRITE(&rx) ’PAO)OGCP—7112$DIOyliSI.By.3iLBDA/DN(HH/CYCLE) !
WRITE(Srx) ’PABOO!éOOOFCPOr4iDIIrO;SI.};‘45LH'rISPCH|' ‘
WRITE(SsX) “DI1s03TLL.Sy0

IY=0

TYFEXy’ ., II= 7~

ACCEFTX,I1I

I1=6

(9]

oo

00 60 I=1,11
EI=Ix1.
YI=1,K%10,%%(EI-1,)
IY=ALOG10(YI Y X1000
IFCIT.EQ. 3999 IY=4000
C WRITE(Z»%x) “LOGC(YI)="s1Y
WRITE(S9%) “FAOs "yIYs " 5YT"
WRITE(Ss%X) ‘CF-44s~.253LE’+[Y/100C, -
IF{IY.GE.6998) GO TQ0 70
oy SS J=1,8
Y=YIK{{J+1)%1,)
JT=AL0G10C(Y)>X1000
WRITE(7y%) "LOG(Y)=',JY
CALL ISLEEF(0s0s0+20)
WRITE(bsX) “FAOy s JdYs YT~
WRITE(Ss k) "CP=-51=.25iLE y7Y,y’ ~
CONTINUE
CONTINUE
IX=9
WRITEC(S9%) “UT $SIilI1s+0°

(]

N oo UG
S owu

0o 100 [=1,3
FI=1.%I
XI=10.%Xx(FI-1.,)
LX=ALOG10(XI)Xx1000
WRITECS+ %) “FA’»LXy »03XT"
[ WRITECSyX) “CF=5»-,955LE vLX/1000y " -
C WRITEC(Ss%X) “CFO»=-1,2551.2,.3iLF10
IF(LX.GE.1998) GO TU 120

Lo 80 J=1,8
XJ=XIXkC(Jd+1) %1,
LXJ=ALOG1O(XJ)X1000
CALL ISLEEF(0+10+50+20
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WRITEC&+X)'PA‘ yLXJsy +03;XT"

80 CONTINUE
100 CONTINUE
120 CONTINUE

C ...+ PLOT THE DATA ...,

125 TYFEXs ', 40, WHICH SYMROL 7 (+=1+,%=2,x=3,0=4) "
READ(S»X) NS6
127 FORMAT(2X9 "J="yI13+3Xs ' X=*sF7.193Xy "’ ='9F7.1)

WRITE(S6»%)’DT ~
IF(NS6.EQ.2) GO TO 135

IF(NS6,EQ.3) GO TO 145
IF(NS6.EQ.4) GO TO 155

D0 130 J=1,NOS
X=(ALOG1O0(XK(J)))%x1000.,
Y=(ALOGLOC(YD(J))+7.)%1000,
WRITE(7s127) JsXsY

WRITE(SsX) ‘SM+ iPA’ s X,Yy FDiLT3"

130 CONTINUE
WRITE(S»X) ‘PU”
GO TO 165

135 0O 140 J=1,NOS

X=(ALOG1O(XK(J)))%X1000.
Y=(ALOG10(YD(J))+7,)%1000,
WRITE(79127) JsXyY

WRITE(SyX) ‘SMX iFA‘»X»Yy» PDiLT4"

140 CONTINUE
WRITE(G6s%X) ‘FU”
GO TO 145

145 DO 150 J=1,NOS

X=(ALOG10(XK(J)))x1000,
Y=(ALOG10(YD(J))+7,)%1000,
WRITE(Z79127)JdsXsY

WRITE(6r%) “SMx iFA’+XsY» 'FDiLT6"

1350 CONTINUE
WRITE(S»x) ‘PU”
GO TO 165

135 DO 160 J=1sNOS

X=(ALOG10(XK(J)))%1000.

Y=(ALOG10(YD(J))+7,)%x1000,

WRITECZ2127)d9X0Y

WRITECS6r%) ‘SMo iFA sy XsYy 'FLI*
160 CONTINUE

WRITE(6sx) ‘FU’

165 TYFEX, "ANOTHER PLOT ? Y=1,N=2,3,,.,"
READ(S»x) NS7
IF(NS7.EQ.1) GO 10 3

333 STOF
END

C XXXXXXXX SUBROUTINE NASIF XXXXXKKXX
SUEBROUTINE NASIF
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COMMON ArSma:sySminsBsRsWsNS1yOELNT

This 1s to calculate S.I.F., for small surface crack
and corner crack of edde notched srecimen from NASA.

Instruction to Farticirants )
Junes 1985

REAL M1,M2,M3

+++All the unit are in METRIC (L=m , SIF=MPa-mX%1/2 , S=MFa)...,

DELS=SMAX-SMIN

A=AX1.,E-3

++FOR CORNER CRACK NS1=1 »SURFACE CRACK NS1=2

T=8 T=8/2

T=B/FLOAT(NS1)
C=AX(.,9-,23%XCA/T)X%2)

TYFEX» 'CRACK [EFTH msed c = (mm)~’
ACCEFTx, CI!

Ch=CDx1.E-3

WRITE(7s%) “CALCULATED c = *y Cy ‘m’
WRITE(7,%X) 'MEASURED c = 'y CIy 'm’

TYFEXy “WHICH VALUE Of c RE USED * ++C3lc.=1y Measd =2'
ACCEFTXx, NS2
IF{NS.EQ.2) C=CD

TYFEXy .. CHECK 0.2<3/c<2 and 3/t51 .4’
WRITE(7s%) “a/c= ’1A/C
WRITE(7>%) "3/t= “sast

IF(A/C.GT.1.) GO TO 50
Q=1,+1.464XK(A/C)KKL, 65
M1sl

G1=1

FF=1

G0 TO o0

Q=1+1.454%X(C/A) XK1, 45
M1=(C/A)XX.S

FR=M1

Gi=1

M2=,05/(.11+{A/Cr%k%x1.5)
M3I=.29/(.23+(A/C)%%x1.5)

V means Ramda 1in equ. 10 and U means Gamma 1in equ., 14 ,...
V=1/¢1+.1564%XC/R)
GQ=(1+.358¥U+1.425!0!*2—1.578¥UXX3+2‘156*vXX4>/(1+.08*V*x2)
G3=1+.,1%X(1-A/T)xx10
G4=1.14-,1/(1+C/RI%X,5
U={(C+RI /W
FW=1-,2XU+?  AXKUKK2 -1, 4KUXX3I+27,1XUXXS

FSN=(M1+MIK(A/T)AK2+MIK(A/T)XKA) XGLXG2KGIKGAXFFXF U
IF(NS1.NE,1) GO TQ 100

DELKL1=DELSKFSN¥SQRT(3.,14159%A/Q)



GO T0 300

C ++++.CORNER CRACK 4444,

100

IF(A/C.GT.1.) GO TO 150
FCN=FSNX(1.13-,09%xA/C)
GO TO 160

FCN=FSNX(1+.04%C/A)

DELK1=DIELSXFCNXSQRT(3.14159%A/Q)

IF(NS1.,NE.1) GO TO 200
TYFEXy " +... NOW! CALCULATED ....~

TYFEX,y -

TYFEXy * ‘
WRITE(7y»%x) * 5,1.F RANGE for surface crack

GO TO 300

WRITE(7s%) 7 S.I.F RANGE for corner crack =

RETURN
END

’

"y DELK Y

DELKy
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MFa-m1/2"

MFa-m1/2"
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TEST DATA

SPECIMEN NUMBER: A-54 -04

DATE: & //6/44

PARTICIPANT'S NAME: Joo-Jin Lee

‘ John Cieslowski

TEST TEMPERATURE: 24°C

RELATIVE HUMIDITY: 66 %

WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 0., %

S max 225 MPa

1{2.5 MPa

S min
FINAL LENGTH OF CRACK: O.5mwm

COMMENTS:
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Const. Amplitude
Page / __af A Loading Type QR=o0.5
Specimen no A-54-04 Peak Stress a2as MPa

@.1mm grid

286k Cycles
Ll .ogo mm
L2 mm

L3 mm
L4 mm
LS mm
0k Cycles
Ll_./08 mm
L2 mm

L3 mm
L4 mm
LS mm
34K Cycles
Ll .72 mm
L2 mm

L3 mm
L4 mm
LS mm
Cycles
Ly . - mm
L2 mm

L4 mm
LS~ mm
Cycles
L1 mm
L2 mm

L3 mm
L4__ mm
LS. = mm
Cycles
L1 mm
L2 mm

L3 mm
L4~ mm
LS.~~~ mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Const. Amplitude
Page 2 of 4 Loading Type g=o0.5
Specimen no_A-54-p4 = Peak Stress 225 MPa
@.1mm grid
(mm—————e B ~=————ee >
38K Cycles
. L1_ ./3% mm
. Le mm
L3 mm
L4 mm
LS mm
4ok Cycles
Ll__./40 mm
L2 mm
L3 mm
L4 mm
LS mm
42k Cycles
L1 .90 mm
T L2 mm
L3 mm
L4 mm
LS mm
4k Cycles
L1_.2/0 -mm
T La mm
} L3 mm
' L4 mm
LS___ mm
48k Cycles
Lt 2 mm
L2__ ==~ mm
L3 mm
: L4 mm
LS mm
S0k Cycles
L1__.275 mm
—H__ L2 mm
L3 mm
T L4 mm
. LS mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ 3 of 4 Loading Type R20%
Sp=cimen no_A.54-04 Peak Stress__ a4 MPa
@.1mm grid
{=——m—m—m——— B = >
T 52 K Cycles
! L1 308 mm
_ L2 mm
L3 " mm
L4 mm
LS mm
r . 54k Cycles
_ L1__.365 mm
L2 mm
L3 mm
L4 mm
LS mm
$ék Cycles
. L1 330 mm
: _ L2 mm
N L3 mm
1 L4 mm
- LS mm
- 58k Cycles
e T L1 .39 -mm
t S L2 mm
+ LB_—_mm
' L4 mm
' LS mm
. 6o K Cycles
Ll__.345 mm
— L2 mm
L3 mm
: L4 mm
LS mm
= 62K Cycles
A e L1 .4“2 mm
T _ L2 mm
L3 mm
L4 mm

T - —_—
LS mm
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RAGARD Short Crack DATA CHART
Record of crack lengths and map

Page 4 of 4 Loading Type R=05
Specimen no_A4-54-od Peak Stress =2ar MPa

B.1mm grid

1T 44 Kk Cycles
) 4 L1 .5go mm
L2 mm

L3 mm
L4 mm
LS mm
LK Cycles
L1 .4;0 mm
L2 mm

-
3
=

=1

T

L3 mm
L4 mm
LS mm
T gak Cycles
it L1 » 500 mm
L2 mm

L3 mm
L4 mm
LS mm
Cycles
Ll -mm
Le mm

L3 mm
L4___ = mm
LS.~ mm
Cycles
L1 mm
L2_ =~ mm

i

L3 mm

LS mm
Cycles

Li___  mm
L2 mm

L3 nm




XX DA/DN DATA xx

SFECIMEN’ NO. = AS5404.L1
NO. OF DATA = 18

R= 0.30

SMAX=225,0 MPa

Near Edge. —» cornen, crak @k

CYCLE(X1000) CRK L.+ 2at(mm) AVG, a(mm)

26 0.080 0.000
30 0.105 0.093
J4 0,125 0,115
38 0.135 0.130
40 0.140 0.137
42 0.190 0,165
44 0.210 0,200
48 0.210 0.210
S0 0.273 0.242
22 0.305 + 290
34 0.303 0.303
36 0.330 0,317
58 0,335 0.332
60 0,345 0.340
62 0.410 0.377
654 0.410 0.410
66 0.420 0.415

68 0.300 0.460

DELK(MFa-M)
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DALNC(mm/CYCLE)

25.000
10.000

0.000
32.500
15,000

0,000
12.500

2,500

40.000

X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.,E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

X1.E-6
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TEST DATA

SPECIMEN NUMBER: A -65-07
DATE: 5/21 /85
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 24°C
RELATIVE HUMIDITY: 62 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = O &
225 Mba

S max
S min = (12:5 MPa
FINAL LENGTH OF CRACK: 2. 3ums (Thru - rhickness)

COMMENTS :
crack was  foumd 0.9mm above +he Cnier QLine,



AGARD Snort Crack

Record of crack

154

DATAHA CHRRT
lengths and map

Const. Amplitude
Page |/ of 8 Loading Type_R=0.5
Specimen no_A-5=07 Peak Stress___ 225 MPa
@.1mm grid
(mm—————— B ~—e—mee— >
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
- LS
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS
Cycles
L1 -mm -
pk ' Le___ mm
L3 mm
Le mm
LS
Cycles
L1~ mm
L2__ ==~ mm
r L3 mm
L4__ = mm
42k -
Cycles
ﬂ¢; A Lt .0 _mm
I L2_ mm
d L3 mm
; L4 mm
g—ITT —& LS

mm

mm

mm

mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page. 2 of 8 - Loading Type R =0.5
Specimen no A-65-07 Peak Stress 225 MPa
@.1mm grid
{ == B - >
44 k Cycles
Ll .o3 mm
L2a___ == mm
L3 mm
L4___ _ mm
& : LS mm
46 k Cycles
Ll__.044 mm
Lg__ = mm
L3 mm
L4 mm
LS mm
E 48 k Cycles
Li_o044 mm
I L2 mm
L3__ = mm
L4 mm
LS mm
50 Kk Cycles
Ll__ % -mm
T L2 mm
t L3 mm
' ' L4 mm
G ' LS mm
52Kk Cycles
Ll___L_mm
Le__ =~ mm
L3_______ mm
L4___  mm
LS mm
54k Cycles
L1_.049 mm
L2 mm
L3_ =~ nrm
L4__mm
- - LS mm

"% Not clear
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ 3 of__ 8 Loading Type R=0.4
Specimen no_A4_-47-07 Pealf Stress 225 MPa

@.1mm grid

S, 000 Cycles
1.0458 mm
L2 mm

L3 mm
L4 mm
& LS mm
59, X0 Cycles :
Li_pps mm
Le mm
L3 mm
L4 " mm
< LS  mm
Cycles
Li_ovs mm
W r - L2 __pgs mm
L3 mm
t L4 mm

L4__ _ _mm

' LS mm

_LA.000 Cycles
L1 mm

L2_g%» mm

L3 mm

L4__ = mm

X w LS mm
Cycles

L1 _,ov7 mm

g L2_ o33 mm
L3 mm

L4 mm
& : LS mm




AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 4 of &

Loading Type R=0-5

Specimen no 4_&E-Qj Peak Stress =228 MPa
@.1mm grid
L B ==m—m———
Cycles
- L1 mm
L2__os3 mm
L3 mm
L4 mm
¢ LS mm
70,000 Cycles ’
L1 mm
L2__psec mm
L3 mm
L4 mm
‘~ LS mm
72 N0 Cycles
L1 __/zs mm
ur _ L2__org mm
N L3 mm
; L4 mm
& : LS mm
SIE A 74,000 Cycles
Li__/2p -mm
L2_ o4 mm
} L3 mm
' L4 mm
¢ LS mm
26,0400 Cycles
L1 mm
L2__07] mm
L3 mm
L4 mm
€ LS mm
213,000 Cycles
t L1 3 mm
L2_ 07/ mm
L3 mm
L4 mm
& - LS mm
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RGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ 5 of & Loading Type R=20.5%
Specimen nop-45. 07 Peak Stress 225 MPa
@.1mm grid ‘
(==—————— B ——=—ee== >
} S0 000 Cycles
"Ll_y53 mm
L2__pneg mm
L3 mm
L4 mm
3 L3 mm
92 {)QQ Cycles
Ll__/s2 mm
L2__pn93  mm
L3 mm
] L4 mm
& LS mm
34 000 Cycles
Li_/74 mm
W L2__p9¢ mm
L3 mm
T L4 mm
Q ~ (S reReen) [ LS_____mm
SiDE A 6. 000 Cycles
Li_y/3s -mm
t L2__ o4 mm
t L3_poz mm
L4__ = mm
¢ oy T T T ‘ LS mm
2%.000 Cycles
= Ll_%__ mm
Le mm
L3_ 076 _mm
L4 mm
« LS mm

L4 mm
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RAGARD Short Crack DATA CHART

Record of crack lengths and map

Page__ 6 of__ & Loading Type R=0.5
Specimen no_A-4Ls-07 Peak Stress 225 MPa

B8.1mm grid

- 400D Cycles ———
L1

* mm

— LS__ =~ mm
SIE A " 92 090 Cycles
! "Ll_312  -mm
LZ______mm
I L3__ res mm
L4 mm
‘ LS mm
=ik Leok) (00.000 Cycles
Ll_4256 mm
L2 mm

L3__ /vy mm
L4_ 037 mm
LS

mm
T (102,000 Cycles

$ L1 _ 443 mm
Le mm

% ‘Not clear
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AGARD Short Crack DATA CHART
Record of crack lengths and map

Page 7 of & Loading Type R=o0.5
Specimen no_4 —49-0)7 Peak Stress 225 MPa

@.1mm grid

— T /04;000 Cycles

Ll _go7 mm
L2 mm

&
r
n
3
3

Stbe A . v (13,000 Cycles

s = o

111
-
w
3
3

— ‘ T
T (/4000 Cycles
L1_ 97 mm
L2 mm
L3 - . A8 mm
L 2B mm
¢ : LS /58 mm

HA1A1-
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page & of & Loading Type R=0-%5
Specimen nof-p¢C- ()7 Peak Stress 22 MPa
@.1mm grid
ke B ————)>
T (6,00  Cycles
L1 % mm
Le mm
L3 mm
Q L4 mm
LS mm
jL 0 Cycles
1 Ll_,9725 mm
Le mm _
L3 mm
L4 mm
¢ 5__/42 mm
i i /19,000 __ Cycles
; Ll_)g42 mm
ue L2 mm
L3 mm
¢ L4 mm
LS__ 480 mm
sweA et /24,000 Cycles
L1zyey 23) -mm
L2 - mm
L3 mm
' L4 mm
¢ (s mm
Cycles
L1 mm
Le___~ mm
1 L3 mm
L4 mm
LS mm
Cycles
L1 mm
Le mm
L3 mm
L4 mm
LS mm

¥ Not clear
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11

13

14

16

17

18

17

XX DA/DN DATA xx

SFECIMEN’ NO. = A-6
NO. OF DATA = 26
R= 0.30
SMAX=225.,0 MFa
Surtawe crack
CYCLE(X1000) CRK L.
42 0.033
44 0.038
44 0.044
94 0.049
S6 0.065
60 0.071
64 0.087
70 0.114
72 0.133
74 0,136
80 0,138
84 0.174
84 0,185
92 0.213
26 0.349
98 0.392
100 0.423
102 0.463
104 0.507
1046 0.518
108 0.632
110 0.717
112 0.801
114 0,970
118 1.875

5-07.L1

23(mm) AVG.,

0.000

0.018

0.073
0.083
0.090

0.100

0.3280
0.443

0.711

a(mm)

DELK(MP3~M)

162

DADN(mm/CYCLE)

0,000 X1,E~6
1,250 X1.E-6
1,500 X1.E-6
0.312 X1.E-6
4,000 X1.E-6
0.750 X1.E-¢
2,000 X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-$
X1.E-6
X1.E-6
X1.E-6
X1.E-4%
X1.E-%
X1.E-6

X1.E-6
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TEST DATA

SPECIMEN NUMBER: A -~ 7/ - 0§
DATE: 5/a2¢/o4
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 27°¢c
RELATIVE HUMIDITY: 65 A
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 0.5
S max = 205 MPa
S min = 1602.5 MPa

FINAL LENGTH OF CRACK: 2. 3mm
COMMENTS :

L1 was Amitiated at {. 2 mm down

t+he cemten RQine |

168
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AGARD Short Crack DATA CHART

Record of crack lengths and map
’ Const. M’IPM
Page /[ of 4 Loading Type :-o-g
Specimen no_A -7/-65 Peak Stress 208 MPa

@.1mm grid

up?a 20 e Cycles
L1__.044 mm
L2

G. . S
L &

mm
L3 mm
0 L4 mm
LS
24 k Cycles
L1 .o mm
A Le mm :
-/omm L3 mm
1 L4 mm
LS
30 k Cycles
L1 .049 mm
& , o L2 mm
-/, omm L3 mm
L4 mm
LS
Cycles
Ll -mm
L2 mm
f L3 mm
' L4 mm
LS
Cycles
L1~ mm
L2~ mm
L3 mm
L4 mm
LS
Cycles
L1____ mm
L2 mm
L3 mm
L4 mm
LS

mm

mm

mm

mm

mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 2 of__ 4 Loading Type _R=0.§
Specimen no_A-7/-0§F Peak Stress 20% MPa
@.1mm grid
(mmmmm— B ——m——m—— >
Upsdie 35k Cycles
L1 .055 mm
& " _ L2 mm
~/Ong T = - L3 mm
T L4 mm
LS mm
40 [ Cycles
Ll .86 mm
Le mm
~l1omn_ L3 mm
] L4 mm
- LS mm
45 k Cycles
Ll .05 mm
— L2 mm
. L3 mm
— L4 mm
— LS mm
506 k Cycles
L1_./09 -mm
v ——— LZ____mm
+ L3 mm
L4 mm
’ LS mm
55k Cycles
Ll ./47 mm B
Le__~  mm
L3 mm
L4__  mm
LS mm
T £0 k Cycles
T L1 .202 mm
_ L2 mm
- - L3 mm
- : L4 mm
[ | L Ls mm
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AGARD Short Crack DATAR CHART

Record of crack lengths and map

Page 2 of_ 4- Loading Type R =0-5
Specimen no_A-7/705 Peak Stress 205 MPa
@.1mm grid
(mm—————— B =———————- >
5k Cycles
Li_.2/3 mm
1) . L2 mm
L3 mm
Eaaadl L4 mm
LS mm
70 k Cycles
Ll_.2/p mm
o Le mm
L3 mm
T L4 mm
4 LS mm
75 L Cycles
L1 ,273 mm
L2 mm
1 L3 mm
T L4 mm
: i LS mm
T 1 Cék)l ?Ok Cyc]es
et 1 L1_.3 -mm
Py mpr g WL : L2_.093 mm
- - - L3_.045 mm
= om— mmaE ! | L4 .049 mm
. ' LS mm
85 k Cycles
Ll_.3p2 mm
T Le_.y/2 mm
T 7 L3_.070 mm
L4 .0 mm
> .3 mm
T . 90 k Cycles
' L1_. 449 mm
4 - e f— La,_/éme
- L3 . mm
i L4 .658 mm
- i LS mm




RAGARD Short Crack DATA CHART

Record of crack lengths and map

Page 4 of 4. Loading Type Reo.5
Specimen no_A4-7/-0% Peak Stress 205 MPa
@.1mm grid
(mwm—————— B » === >
25 Kk Cycles
L1_,572 mm
(o3 It v — L2 _.2/3 mm
T - 7 L3 . /oZ mm
L et T L4L.soé'£ mm
106 K Cycles
Ll_,703 mm
&- ] C ! L2 ;_2 £ mm
T 3_./20 mm
~7/-Covm 7 L4 .07 mm
185k Cycles
. Ll_.%5 mom
e | . l L — Lz;zﬁ_mm
- L3_.744 mm
—7-Omm T L4 .08y mm
- — LS
r []O0K Cycles
) Ll L28/ -mm
& ~r—~=—, . L2 _.332 mm
e ;‘ L3 ,/9 mm
1= ‘ L4_..//1¢ mm
- LS_ . /89 mm
/5 k Cycles
Ll /.84 mm
. gur—r—- ] L2 .34 mm
y ; f L3 * mm
/O L4 . ¥ mm
== * LS ¥ mm
, T 117 Kk Cycles
. Ll Thru mm
(] = ' — L2_.261 mm
e L3_ 74 _mm
~/ome  H— —— 1 t L4 x4 mm
— % Crack tip was at LI_fgp  mm

{ Cloar
' #4 Coulda'y find +he creke
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17
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XX DA/DN DATA xx

SPECIMEN’ NO. = A-7

NO. OF DATA
R= 0.350

= 19

SMAX=205.0 MFa

Surkace crocke
CYCLE(X1000)
285
30
35
40

CRK L.

0.044

0,049

0.337
0.382

0.469

1-035.L1

23(mm) AVG,

0.000

a(mm)

DELK(MFa~-M)

173

DADN(mm/CYCLE)

0,000
0.500
0.600
1.000
2,200
3.800
5.500

1.100

5.500
6,400
4,500
8.700
10.300
13.100
26,200
31.600
56.700

100,500

X1.E-6
X1.E-46
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-4
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E~6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

X1.E-6
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xx DA/DN DATA xx

SPECIMEN’ NO., = A-71-05.L2
NO. OF DATA = 7
R= 0.50
SMAX=205.0 MFa
Surpa cvrack
CYCLE(X1000) CRK L. 23(mm) AVG. a(mm) DELK(MPa3-M) DADN(mm/CYCLE)

0 890 0.093 0.000 0.00 0,000 X1.E-6
1 85 0.112 0.051 2.84 1,900 X1.E-6
2 90 0,169 0.070 3.29 3,700 X1.E-6
3 95 0.213 0.095 3.79 4,400 X1.E-6
4 100 0.245 0.115 4.12 "3.200 X1.E-6
3 105 0.283 0.132 4,39 3.800 X1.E-6
é 110 0,337 0,155 4,72 5.400 X1.E-4

Xk DA/DN DATA XX

SFECIMEN’ NO., = A-71-05.L3
NO,., OF DATA = 7
R= 0.50
SMAX=205.0 MFa
Surface crock Qarier
CYCLE(X1000) CRK L. 23(mm) AVG. 3(mm) DELK(MF3-M) DADN(mm/CYCLE)

0 80 0,065 0.000 0,00 0,000 X1.E-6é
1 85 0.070 0,034 2,32 0.500 X1.E-6
2 90 0,076 0,036 2.42 0.600 X1.,E-%
3 95 0.104 0.045 2.67 2,800 X1.E-6
4 100 0.120 0.056 2,96 1,600 X1.E-6
5 105 0.164  0.071 3.31 4,400 X1.E-6

6 110 0.1%6 0.090 3.69 3.200 X1.E-6
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TEST DATA

SPECIMEN NUMBER: A ~6%- 22

DATE: 5/29/85

PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski

TEST TEMPERATURE: 25 °C

RELATIVE HUMIDITY: 53 %

WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = ©O- 5
S max = 305 MPa
S min = 1025 MPa

FINAL LENGTH OF CRACK: O- 5ACmm (L1)

COMMENTS:

179
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Const. Amplriude
Page / of % Loading Type 2=0.5
Specimen no_A-f8-22 Peak Stress 204 MPa

@.1mm grid

35k Cycles
L1_.049 mm
Hl— L2 mm

K L3 mm
L4 mm
LS
4ok Cycles

Li__.0ff mm
L2 mm

L3 mm
L4 mm
LS
45 Kk Cycles
Ll ./04 mm
L2 mm

L3 mm
L4 mm
LS
50k Cycles
LY ./7¢ -mm
- L2 .054% mm

L3 mm

s o

' LS
56k Cycles
Ll _./96 mm

mm

T L2 .459 mm
L3

I 60 k Cycles
L1 .2/3 mm
L2 _.o0f2 mm

LS

mm

mm

mm

mm

mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 2 of <2 Loading Type R=0-5
Specimen no__ A 4&8-22 Peak Stress 205 MPa

@.1mm grid

65 k Cycles
L1_.251 mm

_ L2_.,/20 mm
Enai L3 mm
L4 mm
Ls

70k Cycles
L1 .300 mm

L2 .,/53 mm
L3 mm
L4 mm
LS
75K Cycles
Ll .545 mm
L2 _.234 mm

L3 .63 mm
L4 mm
LS
Cycles
L1 -mm
..I LZ mm

L3 mm
L4__ = mm
LS
Cycles
L1~ mm
L2 mm

N =

L3 mm
L4 mm
LS
Cycles
L1 mm
L2 mm

L3 mm
L4~ mm
LS

mm

mm

mm

mm

mm
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XX DA/DN DATA xx

NO. OF DATA =
R= 0,50
SMAX=205.0 MP3
hear edge — corner crack @ 53k
CYCLE(X1000) CRK L. 2a(mm) AVG. a(mm) DELK(MFa3-M) DADN(mm/CYCLE)

SPECIMEN’ NO. = A-48-22,L1
9

0 35 0.049 0.000 0.00 0.000 X1.E-6
1 40 0.055 0.052 2.81 1,200 X1.E-6
2 45 0.104 0.079 3.44 9.800 X1.E-6
3 S0 0.174 0.13¢9 4,45 14,000 X1.E-6
4 SS 0.194 0.185 3.07 4,400 X1.E-6
S 60 0.213 0,205 9.31 3.400 X1.E-6
6 435 0.251 0.232 S5.62 7.600 X1.E-6
7 70 0.300 0.27%5 6.06 ?.800 X1.E-6
8 75 0.545 0.422 7.33 49.000 X1.E-4

XX DA/DN DATA Xxx

SFECIMEN’ NO, é

NO. OF DATA = 6

R= 0.50

SMAX=205.0 MFa

surpate crock
CYCLE(X1000) CRK L. 23(mm) AVG, a(mm) - DELK(MFa3~M) DAON(mm/CYCLE)

§
D>
i

0 S0 0.055 0.000 0.00 0.000 X1.E-6
1 SS 0.035¢9 0.029 2.15 0.400 X1.E-6
2 60 0.082 0.035 2,38 2,300 X1.E-6
3 65 0.120 0,050 2.82 3.800 X1.E-6
4 70 0.153 0.068 3.29 3,300 X1.E-6

w
N
(4]
(=]
(8]
(]
-
(=]
(=]
~o
~N
(&}
@
-

8.100 X1.E-6
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TEST DATA

SPECIMEN NuMBER: A-84 -03
DATE: S/3/&5
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 27°C
RELATIVE HUMIDITY: &4 o
WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = O+ 5
S max = 165 MPo
S min = G". 5 MPe
FINAL LENGTH OF CRACK:
COMMENTS:

Crak was grown +o break wp +ha Specimon
durs‘n? Cyc&wa frem Sk ~n6OK,
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page of /- Loading Type_cé"ft.;hp )

Specimen no A-84-03 Peak Stress 198 MPa
@.1mm grid

€0k Cycles
L1__ oy mm
L2 mm

L3 mm
L4 mm
L3

0 K Cycles

L1__ 229 mm
L2 mm

.-- L3 mm
L4 mm
LS
220 K Cycles
- Li__ a1 mm

-+ L2 mm

L3 mm
L4 mm
LS
130k Cyc les

Li_ 425 -mm
t L2 mm

RER

T L3 mm

: ' L4 mm
' LS

<240 K Cycles

Ll_ g4/ mm
Le mm

. : L3 mm
L4 mm
LS
- 750K Cycles
r L1_ ;65 mm
—— LN “ -«,-q L2—-—..-—.L.3 mm nm
T L4 mm
LS
SPec‘mon was brekow

dun‘na eyel LT

mm

mm

mm
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XX DA/DN DATA x%x

SPFECIMEN’ NO, = A-84-03.L1
NO. OF DATA = [
R= 0.50
SMAX=195.0 MP3
Surgae creck i
CYCLE(X1000) CRK L, 2a3(mm) AVG., al(mm) DELK(MFa~M) DADN(mm/CYCLE)

690 0.098 0,000 0.00 0.000 X1.,E~4
710 0.229 0.082 3.36 3,275 X1.E-6
720 0,316 0.136 4,24 4.350 X1.E-¢
730 0.425 0,185 4,87 5,450 X1.E-6
740 0.561 0.247 J+54 6.800 X1,E-6

750 1.550 0.528 7.82 49,450 X1,E-6
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TEST DATA

SPECIMEN NUMBER: A -~ 59 —I3

DATE: 5/2q / &5

PARTICIPANT'S NAME: Joo-Jin Lee

. John Cieslowski
TEST TEMPERATURE: 26°¢

RELATIVE HUMIDITY: 50 9,

WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = 0.5

195 MPa

Q7.5 MPa

S max

S min

FINAL LENGTH OF CRACK: 0403 mam (L1 )

COMMENTS :

192
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Const. A
Page 1 of 1 - Loading Type R-of‘;lh*
Specimen no A-39-13 Peak Stress 19% MPa
@.1mm grid
(m=m————— -
130 k Cycles
L1 .060 mm
L2 .o3s mm
T —
- L3 Q27 _mm
L4 mm
LS
150K Cycles
Ll .136 mm
- L2_ L mm
o L3 .027 mm
L4 mm
LS
160K Cycles
L1 .218 mm
L2 mm
L3 .044 mm
L4 mm
LS
170K Cycles
Lt 403 -mm
1 L2 mm
- L3 * mm
L4 955 mm
LS
Cycles
Li__ mm
Le_ = mm
L3__~ mm
‘ L4 mm
LS
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS

¥ Creck +p was not  clear

mm

mm

mm

mm




r

XX DA/DN DATA %x

SFECIMEN NO. = A-59-13.L1
STRESS RATIO=0.5
MAX.STRESS=195.0 MP3
NO.OF DATA= 3

surgace creck

CYCLE(X1000) CRK L 2a(mm) AVG, a(mm)

130 0.060 0.00
150 0.136 0.05
160 0.218 ) 0.09
170 0.403 0.16

DELK(MPa-M)

194

DADN(mm/CYCLE)

0.000 X1.E-4
1.900 X1.E-4
4,100 X1.E-¢

90250 Xl-E-é
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TEST DATA

SPECIMEN NUMBER: A—-52-03
DATE:  6/4 /85 |
PARTICIPANT'S NAME: Joo-Jin Lee

John Cieslowski
TEST TEMPERATURE: 26° ¢
RELATIVE HUMIDITY: 60 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 0-0
S max = |45 MPa
S min = O MPa

FINAL LENGTH OF CRACK: 2. 3mm (L3 )

COMMENTS:

199




200

AGARD Short Crack DATA CHART
Record of crack lengths and map

vomt  Amplidu
Page / of & Loading Type c;':o.o wplitude

Specimen no_4A.52a- 03 Peak Stress [958 MPa
@.1mm grid

6K Cycles
L1__pz3 mm
_ L2__ o2y mm

L3 mm

L3 mm

h
r
'

-+
r
H

mm

L4___ _ mm

14K Cycles
Ll __ o4 mm

LS
’ lbK Cycles
. Lli__ou mm
L2__ s mm

L3__~  mm
T L4 mm
: LS

o Crack +i' was wet clear.

mm

mm

mm

mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ 2 of _§ Loading Type R=0.0
Specimen no_A4-§2-0 Peak Stress [4¢ MPa

@.1mm grid

/3K Cycles
L1 093 _mm

o L2_ o mm

L3 mm
. : L4 mm

LS mm
T T 22K Cycles
t L1__ /o¢ mm
L2 mm

} - = L3 o7 mm
u L4 027 mm
' LS mm

24 € Cycles
Ll -mm

L2__. o mm
L3

mm

LS mm

r
(8]
‘?’
3
3
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 3 of_ & Loading Type R<«o.0
Specimen no_)_-$2-03 Peak Stress /11§ MPa

@.lmm grid

Cycles
L1 /4 mm
Le [09 mm

L3__ 1% mm
L4 . 092 mm

LS 3 mm

i

LS mm

E ==
-

N t
3

LS mm

-
F
3
3
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RAGARD Short Crack DATA CHART

Record of crack lengths and map

Page 4 of J5- Loading Type R=o0.0
Specimen no_A-52-03 Peak Stress [4S MPa

@.1lmm grid

92 Kk Cycles

LS mm

LS mm

% K Cycles
S mm
i L2_ 1472 mm

-+

L3__ 93¢ mm
n L4 o mm

LS mm
49 k Cycles

L4__ = mm
LS mm

+ L2 _ .31 mm

L4___ = mm
LS mm
Cycles

Li__ 135 mm
L2 . 136 mm

- ; = ’ L3 /(244 mm
i3

L4___ mm
LS = nm

-1
C 1




AGARARDO Shaort

Record of cra

Page & of &
Specimen no_g4-§2-03
@.1mm grid
(—m————— B ———=ree-

204

Crack DATA CHART
ck lengths and map

Loading Type R =0.0
Peak Stress /45 MPa
>
S3K Cycles
Ll © mm
___ La_, 31 mm
L3_Thru mm
11 L4 mm
LS mm
Cycles
L1 mm
L2 mm v
L3 mm
L4 mm
LS mm
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS mm
Cycles
L1 -mm
__ L2 mm
L3 mm
Lé mm
LS mm
Cycles
L1 mm
Le mm
L3 mm
L4 mm
LS mm
Cycles
L1 mm
_ Le mm
L3 - mm
L4 mm
LS mm




X% DA/DN DATA XX

SFECIMEN’ NO. = A-52-03.L3

NO. OF DATA
R= 0.00

= 16

SMAX=145.0 MFa

surfae crack
CYCLE(X1000)

CRK L.

0,071

0.076

0.087

2a3(mm)

AVG,

0.000

0.037

0.041

0.0352

0.079

0.110

a(mm)

DELK(MFa3-M)

0.00

3.44

205

DADN(mm/CYCLE)

0.000

128,250

236.,3500

X1.E-6

X1.E-6

X1.E-6

XloE_é

X1.E-6

X1.E-6

X1.,E-6

X1.E-6

X1.E-6

X1.E-6

X1,E-46

X1.E-6

XloE'é

X1.E-6

X1.E-6

X1.E-6
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TEST DATA

SPECIMEN NUMBER: A ~ 5] —1§
DATE: 6/10/8Fb
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 26 ¢
RELATIVE HUMIDITY: 54 <,
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 0:-0
S max = \45 MPO-
S min = 0. MPa

FINAL LENGTH OF CRACK: 0. 245 ovm (L 2)

COMMENTS :

Photo of crock swd.am Hem brokem sSpecimem
was ot able to he tukaw (out of focus)
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ARAGARD Short Crack DATA CHART

Record of crack lengths and map

Page of 2- Loading Type_p-=0
Specimen no 4-C|-/p Peak Stress 148 MPa

B.1mm grid

2 4 Cycles
- Ll1_ 922 mm
. . L2 mm

L3 mm
L4 mm
LS mm
[0 K Cycles

L1 233 mm
L2 mm

L3 mm
L4_____ mm
LS = mm
2K Cycles
Ll 027 mm
L2

mm

% N

nRy
KN
n
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GARD Short Crack DATA CHARRT

Record of crack lengths and map

Page__ 2 of Z Loading Type_zg'gk"hﬁ"l"
Specimen no_A4-5/-1h Peak Stress 4L MPa
@.1mm grid
(R ———— B == > :
ot T - 20 K Cycles
Ll__90z3 mm
L3 mm
B Liom  mm
o~ LS mm
22 K. Cycles
L1
1 1)
| ]
~
24 K
L1
o
S r Tt
L4 1]
Py
26 K Cycles
Li_p3¢ -mm
+ o L2_.240 mm
t L3 mm
imms AL4 060 mm
LS
]
113




XX DA/DN DATA xx

SFECIMEN"’

NO. OF DATA = 7

R= 0.00

SMAX=145.0 MP3

Surkace crack

CYCLE(X1000) CRK L.

0 14 0,120
1 16 0.1353
2 18 0,158
3 20 0,180
4 22 0.213
) 26 0.240
) 28 0.245

XX [A/DN DATA kX

SFECIMEN"

NO.

R=

0

0OF DATA

+00

= é

SMAX=14S5,0 MFPa
near ad
CYCLE(X1000)

w

14

CRK L.

0.136
0.1469

0.174

NO. = A-S1-16.L2

23(mm)

NO. = A-51-16.L3

2a(mm) AVG.

AVG. a(mm)

0,000
0.068
0.078
0.084
0.098
0.113

0.121

0.000

0.153

0.171

0,179

al{mm)

DELK(MFa-M)

DELK(MFa-M)

214

DADN(mm/CYCLE)

0.000 X1.E-6
8,250 X1.E-6
1.250 X1.E-6
5.500 X1.E-6
8,250 X1.E-6
3.375 X1.E-6

1.250 X1.E-6

DADN(mm/CYCLE)

0,000 X1.E-6
8.250 X1.E-6
2,300 X1.E-¢
5.500 X1.E-6
19,000 X1.E-6

16,500 X1.E~6
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TEST DATA

SPECIMEN NUMBER: A - 82 —16
wrE 6/1a 85
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: =>&'C
RELATIVE HUMIDITY: A0 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = o0

S max = | 20 MPa

S min = 0 MPa

FINAL LENGTH OF CRACK: 2.3 mm

COMMENTS :

218
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AGARD Short Crack DARATA CHART

Record of crack lengths and map
' Corstemt Amplitude

Page [/ of 7- Loading Type R®0.0_
Specimen no__ 4§21 Peak Stress (20 MPa
@.lmm grid
R B ——===ee= >
40K Cycles
L1__.093 mm
L2 mm
L3 mm
ﬁ']r L4 mm
LS mm
65 K Cycles ‘
L1__ 09t mm
Le mm
L3 mm
L4 mm
LS mm
20K Cycles
L1__.093 mm
L2 mm
L3 mm
‘!" L4 mm
LS mm
7 25K Cycles
+ Li__sp9 -mm
L2 mm
L3 mm
f L4 mm
’ LS mm
0K Cycles
L2_____mm
.3 mm
L4 mm
- LS mm
25K Cycles
Ll /3 mm
L2 mm
L3 mm
L4 mm
: — LS mm

# crade Hp s not clear
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page__ 2 of 3 Loading Type_R=0
Specimen no__4-g2-4 Peak Stress (20 MPa

@.1mm grid

K | Cycles
Ll__ (74 om
L2 mm

L3 mm
il L4 mm
LS mm
9K Cycles
Ll [9% __mm
L2 mm

L3 mm
! of L4 mm
LS mm
[0k Cycles
Ll_.223 mm
L2 mm

L3 mm
il L4 mm
LS mm
105 K Cycles
Ll 272 -mm
+ L2 mm

t . L3 mm
w1 ) mm
' LS mm
/1t K Cycles
Ll 20 _mm
Le mm

L3 mm
! if ) L4 mm
- LS mm

__JZEJE_ZZ_FYCIBS
Ll _. 4692 mm

Le mm

\

L3 mm
- L4 mm
i [} 1 4] ‘—'—Ls —— mm
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RGARD Short Crack DATA CHART

Record of crack lengths and map

Page 73 of 3 Loading Type R=0
Specimen no_ 4-$21b Peak Stress 120 MPa

@.1mm grid

(20 K Cycles
L! 6()s mm
L2 mm

L3___ = mm
| 8 I L4——mm
LS mm
(25K Cycles
Ll__.796 mm
Le mm

L3 mm
1 101 #! L4‘__mm
LS mm
/|30 K Cycles

L1_//22 mm
L2 mm

L3a_____ mm
11 [ EEEN L4_"‘"-'_mm
LS~ mm
I35 K Cycles
Ll £937 -mm’

2

L2 mm
: L3 mm
L4__ = mm
' LS mm
/38.4K Cycles
L1 74rU mm
Le mm

-

_
-H

L
S L]

Ll

- L3 mm
Sxaaze L4 mm
LS mm
Cycles
Lt mm
Le mm

L3 mm
L4 mm
LS.~ mm




10

11

13

14

xx DA/DN DATA XX

SPECIMEN’ NO., = A-82-16.L1
NO. OF DATA = 15

R= 0,00

SMAX=120.0 MPa

corner crack

CYCLE(X1000) CRK L+ 23(mm)
60 0,093
63 0.098
73 0.109
85 0.1353
90 0.174
99 0.196

100 0.223
105 0.273
110 0.360
115 0.469
120 0.605
125 0.796
130 1,123
135 1.837

138 2.250

AVG.,

0.000
0.095
0.104
0.131
0.163
0.185
0.209
0.248
0.316
0.414
0.537

0.700

1,480

2.043

DELK(MFa3=-M)

7.935
8.51
9.53

10.72

14.87

17.32

222

DADN(mm/CYCLE)

0.000
1.000
1.100
4.400
4,200
4,400
S.400
10.000
17.400
21.800

38.200

65.400

142,800

137.667

X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E~6
X1.E-6
X1.E-6
X1.E~6
X1.E-6

X1.E-6




223

(. N-VdN) %130
ot
zOt 0L . 0Ot
L LS L LA ] L LB L L L

HIVHI-ONOT ‘0-0
VANOCT=XVHS +-+
97-28-v 0° 0=t

] Ol

c.O0b

L Ol

(370A2/WR) NO/va




224

10+300S°¥

SNOYD JW-LNINIDUdS 10

[0+3000°¢

10+300S° T

T0-3000°0 10+300S°T1-

WHE “Z=11
WOC = (XUW) S
0°0=y

91-C8-4H

10-3000°0

€0+3000°1
SONNOJ—-au0

€0+3000°E €0+3000°C




‘r‘« LN
i

R
{3

Replica @ 130k cycles

“““ “2.3mm

3

00 um-3|




ORIGINAL PAGE I8

OF POOR QUALITY
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SIDE

227

~——

CRACK FRONT—#

BOREt

Tracing of Crack Front for A-82-1§

SIDE
=




TEST DATA

SPECIMEN NUMBER: A -69 -30
DATE: 6/1L/&5
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: =6 C
RELATIVE HUMIDITY: 60 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 0.0

S max = 120 MPa

S min = 0 MPa

FINAL LENGTH OF CRACK: No crock
COMMENTS :

228

No crack was Ffoumd at 660k cycles,

( Predicted ,Qn“b—e was

130k ).




TEST DATA

SPECIMEN NUMBER: A —57 —14

DATE: 6/a0 /8K

PARTICIPANT'S NAME: Joo-Jin Lee

. John Cieslowski
TEST TEMPERATURE: =7°C

RELATIVE HUMIDITY: 354

WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 6.0

S max = 110 MPu

S min = O MPe

FINAL LENGTH OF CRACK: 2.2 mm (.Thl'\d
COMMENTS :

L2 amd L2 was  found

from +he  omter Line .

229

thickuess )

a  0.Smwm

down
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AGARD Short Crack DATA CHART

Record of crack .lengths and map

Const. Am p‘l-‘ho/e
Page / of =/ Loading Type R<O
Specimen no_4A -57-14 Peak Stress /110 MPa

@.1mm grid

i 3o k Cycles
Lt . 225 mm
Le mm

L3 mm
L4 mm

LS

mm
9k  Cycles
L1 ,355 mm
& L2 . oéo mm
~0.Sam L3 _o0.035 mm
L4 mm
LS mm
100 k Cycles
Ll <430 mm
& L2 mm
L~ L3« mm
L4 mm
LS mm
/lok Cycles
Ll__. 700 -mm
L2 * mm
L3 «x mm
L4 mm
LS mm
/20 k Cycles
Ll «v/ mm
Co " L2 . 048 mm
— { . L3 mm
! L4 mm
Ls—mm
/30 k Cycles
L1_2.20 mm
¢ . L2 mm
. L3 mm
I L4 mm
LS_~  mm

¥ Crock was ot foumd

fe f 41~

4




XX DA/DN DATA xx

SPECIMEN’ NO. = A-57-14.L1
[

NO. OF DATA
R= 0.00

SMAX=110.0 MPa

Surface crack
CYCLE(X1000)

80
90
100

110

CRK L. 23(mm)

0.430
0.700
1.170

2,190

AVG.,

0,000

0.468

0.840

aimm)

DELK(MP3-M)

231

DADNC(mm/CYCLE)

0,000

6.500

3.750

13,500

23.500

51.000

X1.E-6

X1.E-6

X1.E-6

Xlog‘é

XloE‘é

Xl.E-é
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ORIGINAL' PAGE IS
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CRACK FRONT=

SIDE?

Tracing of Crack Front for A-57-14




TEST DATA

SPECIMEN NUMBER: A -&0 -28
DATE: 6/15 /&
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE : 27°c
RELATIVE HUMIDITY: 54 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = 6.0
S max = }10 MPa
S min = 0 MPa

FINAL LENGTH OF CRACK: 037 mm

COMMENTS :

237
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AGARD Short Crack DATA CHART

Record of crack iengths and map

Page ¢ of 2 Loading Type__%'fg Amplitudle
Specimen no_p-¢0-2¢ Peak Stress {10 MPa
©.1mm grid ‘

10p K Cycles
Ll__pg2 mm
L2 mm

T L3 mm
L4 mm
LS mm
HOk Cycles
Li__pg7 mm

L2 mm
L3 mm
L4 mm
LS mm

L3 mm
L4 mm
LS mm
130 K Cycles

r
w
3
3

L4 mm
LS___~ mm
180 Kk Cycles

L3 mm
L4 mm
LS~ mm
(SOK Cycles
LI__ ¥ mm
L2 mm

L3~~~ mm
L4 mm
LS mm

¥ Replica was et clear
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AGARD Short Crack DATA CHARRT

Record of crack lengths and map

Page_ 2 of 2 Loading Type R=0
Specimen no A-W-23 Peak Stress: /10 MPa
@.1mm grid

(60 K Cycles
L1 21, mm
L2 mm

L3 mm
L4 mm

————————

LS mm

Zshbe Cycles
Ll_4i4 mm

Le mm

L3 mm




XX DA/DN DATA xx

SPECIMEN’ NO. = A-80-28.L1

NO. OF DATA = S

R= 0.00

SMAX=110.0 MPa3

cotper cCrack

CYCLE(X1000) CRK L.

100 0.082
110 0,087
120 0.114
140 0,229
160 0,371

23(mm) AVG.,

0.000
0.084
0.100
0.171

0,300

3(mm)

DELK(MF3-M)

240

DADN(mm/CYCLE)

0.000 X1.E-6

0.500 X1.E-6

2,700 X1.E-6

$5.7350 X1.E~-6

7.100 X1.E-6
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ORIGINAL’ PAGE 13
A-80-28 OF POOR QUALITY
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ORIGINAL PAGE I§
OF POOR QUALITY

A-80-28

-—
BORE

lCRACK FRONT

SIDE?

Tracing of Crack Front for A-80-28



TEST DATA

SPECIMEN NUMBER: A -55 -27
DATE: 6/25 /&5
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 26° C
RELATIVE HUMIDITY: 44 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = -1-0
S max = ‘OBMPQ
S min = — lo5 MPa

FINAL LENGTH OF CRACK: 2 .34mm (Thru thickvess)

COMMENTS :

Pkoi—o of (rad surd—&u. was

Cout of Tows)

244

- L1

not avoax \aH—C .
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ y of _Z Loading Type wp_.'wh{uh
Specimen no_A-¢5-27 Peak Stress: [0S MPa

B.1mm grid

F 4 K Cycles
: Ll_. 032 mm
. L2_ o5 mm
IDL L3__.p076 mm
L4 mm
~loo— ST T T T LS mm

_bk Cycles
S U mm
G Le #* mm

L3 * mm
L4

mm

mm

7
r
w
ok
3
3

—Im- LS

-/.'-; l/ll LS ) mm

T ¥ Crecke” was ot Clear
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ARGARD Short Crack DATA CHARRT

Record of crack lengths and map

Page_ 2 of = Loading Type R=-1

Specimen no_ 4-5g-29 Peak Stress 108 MPa
@.1mm grid
< - B ————)
b 16 k Cycles
L1 mm
g - - L2__.zp0 mm
1T L3 % mm
| SESRoS L4 L  mm
~/mem LS__ (36 mm
Frrr 12k Cycles
Li_o. u0 mm
C . = L2_403 mm
b L3 ® mm
. L4 mm
i ‘ LS_ 453 mm
T 12K Cycles
L1 _2|s mm
e T = L2__4/4 mm
- L3 &2 mm
-/ L LS ./5¢ lgg
20 K Cycles
Ll _2./75 mm
] L2__ 414 mm
« ‘--&:: : ' L3_242 mm
) : 4 mm
—~[me LS_, /59 mm
| - 20-S kK Cycles
L1 ey mm
& guns o ¢ S L2__ 43 mm
L3__,220 mm
L4 mm
= mam LS Izzz mm
r Cycles
L1 mm
¢ . Le mm
L3 mm
L4 mm
L LS mm

o ¥ Crack was net clear
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XX DA/DN DATA xx

SPECIMEN’ NO., = A-55-27.L1
NO. OF DATA = 10
R=-1.00
SMAX=105.0 MFa
surfac cradke
CYCLE(X1000) CRK L. 2a(mm) AVG. 3(mm) DELK(MF3-M) DADON(mm/CYCLE)

0 4 0.032 0.000 0.00 0,000 X1.E-4

1 é 0.049 0.020 3.74 4,250 X1.E-6
2 8 0,134 0.046 S+35 21,750 X1.E-¢6
3 10 0.191 0.082 7.23 . 13.750 X1.E-6
4 12 0.322 0.128 8.88 32.750 X1.E-6
S 14 0.758 0.270 12,43 109.000 X1.E-6
é 16 1.760 0.629 18.23 250,500 X1.E-6
7 17 2,110 0.967 22,31 175,000 X1.E-4

XX DA/DN DATA xx

SFECIMEN’ NO, = A-55-27,L2
NO. OF DATA = 9
R="1 000
SMAX=105.0 MFPa
correr Crathk
CYCLE(X1000) CRK L. 2a(mm) AVG. a(mm) DELK(MFa3-M) DADN(mm/CYCLE)

0 4 0.035 0.000 0,00 0,000 X1.E-6
1 8 0.093 0.074 6.80 ?.500 X1.E-6
2 10 0,136 O.i14 8.35 21,500 X1.E-4
3 12 0.180 0.158 ?.68 22,000 X1.E-6
4 14 0,229 0,204 10.87 24,500 X1.E-6
S 16 0.300 0.264 12,20 35,500 X1.E-6
é 17 0,403 0.352 13.84 103,000 Xi.E-¢

18 0.414 0.408 14,79 11.000 X1.E-6

8 20 0.431 0.422 15.01 8.500 X1.E-6
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TEST DATA

SPECIMEN NUMBER: A ~£7 ~of
DATE:  6/30 /85
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 27°¢C
RELATIVE HUMIDITY: 35 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = ~1.0
S max = )OQHPQ
S min = -lob MPo
FINAL LENGTH OF CRACK: 0. 344 mm cL)

COMMENTS :

L3 was found ot Imm above <“tha @mter Line
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page / of_ [ Loading‘Typei".’f’, Amplitusle
Specimen no_4-47-0¢ Peak Stress 108 MPa
@.1mm grid
(mmm————— B ~—=—wce- >
Ina I 3 7K Cycles
Ll _pg2 mm
L2 055" mm
L3__.0494 mm
Q L4 mm
LS mm
(oe—F 9K Cycles
Ll_247 mm
L2__ 207 mm
L3 "~ mm
G : — Lé__ o6 mm
LS__.o% mm
(aer— 0k Cycles
L1_279 mm
T L2 mm
L3_ 120 mm
@ L4 mm
l LS_ ,oés mm
/na [ K Cycles
L1 mm
L2_ 262 mm
L3 ¢ mm
@ L4 .04 mm
LS__o93 mm
[ae T 11 12K CYCIQS
Lt 11 Ll 3;3 mm
. L2 262 mm
lq: , L3 /% mm
(43 Jﬂ L4 mm
LS_,076 mm
o e e 14 K Cycles
fn— H et Ll__.39¢ mm
T L2 mm
L3__ /s _mm
@ .Y mm
L LS__,2/8 mm
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XX DA/DN DATA xx

SPECIMEN’ NO. = A-47-08.L1
NO. OF DATA = é

R=-1,00
SMAX=105.0 MFPa
surfa crack
CYCLE(X1000) CRK L, 2a(mm) AVG., 3(mm) DELK(MPa-M) DADN(mm/CYCLE)

0 7 0.082 0.000 0.00 0.000 X1.E-6
1 9 0.267 0.087 7 .45 46,250 X1.E-6
2 10 0.278 0.134 ?.13 +95+300 X1.E-6
3 11 0.300 0.145 9.37 11.000 X1.E-4
4 12 0.322 0.155 9.69 11,000 X1.E-6
S _ 14 0.398 0.180 10.35 19.000 X1.E-4

XX DA/DN DATA xx

SFECIMEN’ NO.
NO. OF DATA =
R=-1.00
SMAX=105.0 MFa
corper crack Corner

CYCLE(X1000) CRK L. 2a(mm) AVG. a(mm) DELK(MPa-M) DADN(ma/CYCLE)

A-67-08.L3
6

0 7 0.044 0.000 0.00 0.000 X1.E-4
1 9 0.104 0.074 6.80 30,000 X1.E-6
2 10 0.120 0.112 8.26 16.000 X1.E-6
3 11 0.158 0,139 ?.13 38,000 X1.E-6
4 12 0.164 : 0.161 P.76 6.000 X1.E-6

] 14 0,191 0.177 10,20 13.500 X1.E-6
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TEST DATA

SPECIMEN NUMBER: A -85 -24
DATE:  7/8/ 85
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 227° ¢
RELATIVE HUMIDITY: 54 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = — 1

&0 MPa

S max =

-80MPa

S min

258

FINAL LENGTH OF CRACK: 2. 3mm (Thru thickuess ) - L1

COMMENTS:

L2 was $foumd & O 7mm

L4 was Humd bt 0.8 mm

down +Ha CGuted live .

above tha pmter Uue .
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AGARD Short Crack DATA CHRRT

Record of crack lengths and map

Page | of 3 Loading TypeJ&:‘fi Ampltutle
Spacimen no_A4-£5§-24 Peak Stress o) MPa
@.1mm grid
R et B mem—eecw—- >
T 40K Cycles
L1_,p33 mm
& L2__014 mm
L3__ = mm
) mm
-0.7, Q—?M_ L5 — mm
45K Cycles
Li__ 0994 mm
& Le oz2 mm
L3 mm
L4 mm
~0:7 - LS mm
SoK Cycles
Li__, 093 mm
¢ L2__p33 mm
L3 mm
L4 mm
-0 752 - LS mm
55 K Cycles
L1, -mm
Q P T Lz_lnss _mm
? L3_ej mm
t L4 mm
=0. 7% = = LS mm
60k Cycles
L1 mm
G o L2__n3% mm
T L3_027 mm
L4 mm
=0 T = LS mm
T 65K Cycles
. L1 _ (31 mm
L Le mm
o] L3_,033 mm
o L4 mm
0 T —— — LS mm
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AGARD Short Crack DATA CHARRT

Recard of crack lengths and map

Page_ 2  of 3 Loading Type R=-{
Specimen no_J._465-24 Peak Stress Po MPa |
@.1mm grid |
L B ——=———uu > |
r 70 K Cycles |
t L1_ 9/ mm |
L2_ s mm
L3 »* mm
L4 mm
—0. 7 L - .
0 P - 25 K Cycles
: L1__2sY mm
e  — L2 . ‘3é mm
L3__,p60 mm
] L] L4__.03 mm
T T = - LS mm
top— I 20 K Cycles
L1_,33¢ mm
Q I S L2 ,IEZ mm
L3 mm
L4 mm
—o1— — L5_ 25 mm
0.9 — - - - 25 K Cycles
- L1 302 mm
& — L2 | ram
L3 mm
’ L4 mm
=07 -~ - LS__|3) mm
t+o.¢ 1 T1 90 K CYC]BS
L1 mm
G oy N L2_ 229 mm
L3 mm
L4_ 044 mm
—e 71— — LS_ .13 mm
+0.8 TIITI - s K Cycles
L1_ 490 mm
< o ¢ Le mm
L3__,10 mm
L4___% mm
=07 ' L LS 278 mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 2 of 3- Loading Type R*-!
Specimen no_f-£5-24 Peak Stress: 80 MPa
@.1mm grid
: (m——————— B —===eee >
+0.3an T - 100K Cycles
Ll__¢R mm
G N L2_ 245 mm
L3_.04 mm
L4__044 mm
=07 wa— - LS L1 mm
+0- — TTTTTIT _ 105 K Cycles
= L1_/pgh _mm
& . L2__ 32/ mm
L3 mm
L4_pep mm
-7 — LS mm
+0.¢ TTIIT - LK Cycles
L1 mm
7 - o L2232 mm
L3_2(3 mm
L4_,04%F mm
—.7 —_— - LS mm
+-P O -_ 115 K Cycles
Li_LEIR mm
¢ +—+ __ L2 * mm
L3 * mm
) L4_fsSs mm
—0.7— -_ LS mm
+a§ — I O — 120K Cycles
Ll 2077 mm
c—F _ L2_.,243 mm
L3_ , 223 mm
‘ L4 0 mm
—0.}— LS mm
HP— T T 125 K Cycles
" L1 _THRU mm
_ L2_242 mm
(3_Zz5 _mm
L4 mm
~0.y— _E _l'_%L mm

# Crack was not clear




10

11

13

14

15

XX DA/DN DATA xx

SFECIMEN’ NO., = A-6

NO. OF DATA
R=-1.00

= 17

SMAX= 80.0 MFa

surfaw credk
CYCLE(X1000)
40
45
S0
55
65

70

80

83

90

100

105

CRK L.

0,033
0.044
0,093
0.109
0.131

0.191

0.338
0.382
0.409
0,480
0.698
1.046
1.117
1.613

2,027

9-24.L1

2a(mm) AVG.

0.000
0.019
0.034
0.050
0.060
0.080
0.111
0.147
0.180

0.198

0.222

almm)

DELK(MPa3-M)

7.88
8.23

8.67

262

DAON(mm/CYCLE)

0.000
1.100
4,900
1,600
1.100
6,000
6.000
8.700
4.400
2.700
7.100
21,800
34,800
7.100
49.600

41.400

X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E~-6
X1,E-6
X1.E-6
X1.E-6
X1.E-6
X1,E-6
X1.E~46
X1.E-6
X1.E-6
X1.E-6

X1.E-6



10

11

13

XX DA/DN DATA xx

SFECIMEN’ NO. = A-45-24,L2

NO. OF DATA
R=-1.00

= 14

SMAX= 80.0 MFa

surfacas creux
CYCLE(X1000)
40
45
30
60
65
70
75
80
90

95

CRK L. 2a(mm) AVG. a(mm)

0.014

0,022

0.033

0.038

0.000

0.009

0.014

0.018

0.141
0.163

0.169

DELK(MFa-M)

263

DADN(mm/CYCLE)

0.000
0.600
1.100
0.250
1.700
3.200
4.900

X1.E-6
X1.E-6
X1.,E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
Xi.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

XI.E-b
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TEST DATA

SPECIMEN NUMBER: A-72-07
DATE: 7/>/ e

PARTICIPANT'S NAME: Joo-Jin Lee

. John Cieslowski
TEST TEMPERATURE: 27°¢

RELATIVE HUMIDITY: 5€ %

WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = -1.0

S max = &0 HPa

S min = - &0 MPa

FINAL LENGTH OF CRACK: (.05 mar

COMMENTS :
SFao:m couldmt be brokem shch‘cdly

‘v examnne the Frachure surface

"’}\)o P‘\o‘\-‘ °‘Y' ‘F‘t-ac.hre sw—{_i,u_ 'S aVA.-"uH-'._
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AGARD Short Crack DATA CHART

-Record of crack lengths and map
' Const. M’F‘l‘u‘.
Page [ of I Loading Type_3 =~/
Specimen no p-72-07 Peak Stress 0 MPa

@.1mm grid

40k Cycles
Ll 0850 mm
L2 mm
< L3 mm
L4 mm
LS mm
Cycles
Lt mm
L2 mm
L3 mm
L4 mm
LS mm
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
. LS mm
. Cycles

11t

{omm

L3 mm
L4 mm
LS mm
Cycles
L1 mm
L2 =~ mm
L3 mm
L4 mm
LS mm
Cycles
L1 mm
L2 mm
L3 mm
L4 = mm
LS mm

Jop

11
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80+3000°T

SNOYJ I W-LN3W32UdS 10

[8-3000°S

10-3000°0

f0-3000°S- 00+3000° (-
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CEIGINAL PAGE IS
COF POOR QUALITY




TEST DATA

SPECIMEN NUMBER: A — 55 -0¢
DATE:  7/q /g5
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 27°C
RELATIVE HUMIDITY: 61 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz
LOADING SEQUENCE TYPE: Constant amplitude
R-RATIO = -1.0
70 MPa
=70 MPa

S max

S min

272

FINAL LENGTH OF CRACK: 2.3 mam (Thru 'Hnidw:sg) - L1

COMMENTS:
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Constant li4ud
Page of 3 Loading Type 38-‘““? ¢

Specimen no_4-55-¢0% Peak Stress %0 _ MPa
@.1mm grid

(20K Cycles
L1 o685 mm
L2 inm

L3 mm
L4 mm
LS mm
(SOK Cycles
Lt 203 mm
L2 mm

L3 mm
L4 mm
LS mm
(60 K Cycles
() § . 202 mm
L2 mm

L3 mm
L4 mm
LS mm
170 k Cycles
Ll_3146 mm
L2 mm

L3__ = mm
L4 mm
LS__ ___ _mm
{(F0 k Cycles

' L1 .33% mm

L 092 mm
L3 mm

} L4 mm
LS___~~ mm
190 k Cycles
Li_.420

. mm
b § c— Lz—'l%_mm
L3 mm

Lé__  mm
LS~ mm

-

Ll
4
1
1
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RGARD Short Crack DATA CHART

Record of crack lengths and map

Page__ 2 of K 2 Loading Type R -1
Specimen no_A.YTo(R Peak Stress: 70 MPa
@.1mm grid
({mmm————— B —-——ene >
200 K Cycles
Ll__452 mm
La__/icp mm
L3 mm
1 1 —_Ls nm
210 K Cycles
Li_.si2 mm
La__ 207 mm
L3__ 0 mm
. L4 mm
LS mm
220 K Cycles
Li_ 432 mm
L2 mm
L3_.023 mm
L4 mm
LS mm
3 230 K Cycles
Ly mm
Le_.20¢ mm
i - L3_p33 mm
: L4 mm
LS mm
240 K Cycles
L1 mm
— L2_ 305 mm
L3_o mm
. ' L4 mm
LS mm
Y 250K Cycles
Ll_399 mm
- L2_,249 mm
L3_ 3] mm
L4 mm
: LS mm
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AGARD Short Crack DATA CHARRT

Recard of crack lengths and map

Page 3 of 3. Loading Type Re-1
Specimen no_A-S5-(9 Peak Stress 0 MPa
@.1mm grid
(mommano— B ===eee-- >

260k Cycles
L1 0B mm

Le 224 mm
L3__.J70 mm
L4

LS

T 270 K Cycles
L1 mm

g NN L2_, 305 mm

mm

1' I L3_.[10 mm
L4

mm

: 230 K Cycles
i Ll 100 mm
Le . mm

,..
r
W
*
3
3

[

=, L4 ey mm

L3 mm
L4___ mm

Cycles
L1 mm
L2 mm

I.3________mm
(I mm
LS

# Creck Hp  was net clear

L3

- L4_,022, mm

mm

mm

mm

mm

mn



on

Sd

ORIGINAL PAGE IS

kKX DA/ON DATA XX

SFECIMEN’ NO. = A-55-08.L1

NO. OF DATA = 13

R==1,00

SHAX= 70,0 MFa

near edge — corner Crak @ 3ok

CYCLECX1000) CRK L. 2almm) AVG,
120 G.089 0.000
150 0,213 0:.069
170 0,316 0.132
180 0,338 0,183
190 0420 0.190
200 0.4352 0.218
210 0.312 0,241
220 0,432 U.286
230 0,859 0.323
240 e 753 0,358
250 6,879 0,415
280 1.079 0. 4725
270 1.3563 0.510
280 1,700 0.766
SF0 2.250 0.9838
XK DA/DN DATA XX

SFECIMEN" NO, = A-55-08.L2

NOL OF uaTa = 3

R=-1.00

SMAX= 70.0 MFs

Suryae fra‘e

CTOLECKLI000 ;) CRN L. Zalmm) Aave,

180 0,098 0,000
190 0.13¢8 0.058
200 0,159 0,073
210 0407 0.0%91
229 0.218 0,108
230 0.238 G.128
240G 04809 U.148
250 0. 349 0,163

a(mm)

s (mmy

OF POOR QUALITY

DELK(MFa-M)

10.08
10.90
11.79

3.29

DELK(MFa-M)

276

DADN(mm/CYCLE)

0.000 X1.E-6

2,467 X1.E-§

|
|
\
\
\
\

2.373 X1.E-6

1,100 X1.E-5

4,100 X1.E-8

1,600 Xx1.E-5

3,000 X1.E-8

6,000 X1.E-6

\

1.350 X1.E-6
5+200 X1.E-6
$.800 X1.E-4
?.000 X1.E-6
14,200 X1.E-4
16.850 X1.E-6

274500 X1.E-5

|
DADNCmm, CVCLE * 1

0,000 X1.E-5
1.¥00
1.10¢0
2,450 X1.E-6

XioE"\‘:‘l
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TEST DATA

SPECIMEN NUMBER: A -&3 -23
DATE: 6/aé [8F
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 24°¢
RELATIVE HUMIDITY: 4@‘ 7‘
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = =~ 1.0
S max = -7°HPQ
S min = ~7°MPo

FINAL LENGTH OF CRACK:  0.382amm (11 )

COMMENTS :

81



AGARD Short Crack DATA CHRRT

Record of crack lengths and map

Page 7/ of 2

Specimen no A-83-23

@.1mm grid

st. Ampl:
Loading Type c$n= -4 ude

Peak Stress R0 MPa

n 20K Cycles

t L1_08 " mm

— L2 mm

e —————————

L3 mm

L3 .076 mm

11

L3 mm

HA
-1

L1

L4 oSS mm

111
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AGARD Short Crack DATA CHART

Record of crack lengths and map
Const. Amplitwde

Page 2

of Z

Specimen no_4-33-23

@.1mm grid

Loading Type

R=-1

Peak Stress:

120 K

70

MPa

Cycles

Lt 278 mm
L2

(40K

—20
L3_.213 mm
Lé4

LS_,

Cycles

L1

- -
-

L2 247 mm
L3_229

mm

L4_,pe2
LS o1 mm

Cycles

L1

L2
L3

mm
mm

L4
LS
Cycles

‘H

L1

L2

mm
mm
L3
L4
LS
Cycles

L1

Le

mm
mm
L3
L4

LS
Cycles

L1

L2

mm
mm

L3
L4
LS

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm

mm
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XX DA/DN DATA XX

SFECIMEN’ NO., = A-83-23.L1
NO. OF DATA = 7
=-1,00
SMAX= 70.0 MFa
Cornean Crack
CYCLE(X1000) CRK L. 23(mm) AVG. a(mm) DELK(MFa~-M) DADNC(mm/CYCLE)

0 70 0.044 0,000 0.00 0.000 X1.E-6
1 80 0.131 0.087 4.91 8.700 X1.E-6
2 20 0,169 0.150 630 3.800 X1.E-6
3 100 G196 0,183 6.89 2,700 X1.,E-6
4 120 0.261 0.228 7.62 3.250 X1.E~6
3 130 0.278 0.269 8.20 1.700 X1.E-6
6 140 0.382 0.330 8.97 10,400 X1.E-6

XX DA/ON DATA %X

SFECIMEN’ NO., = A-8
NO, OF DATA = 6

SMAX= 70.0 MFa
Cornen Crack
CYCLE(X1000) CRK L. 23(mm) AVG. 3(mm) DELK(MFa3-M) DADN(mm/CYCLE)

0 80 0.147 0.000 0.00 0.000 X1.E-4
1 20 0,196 0.171 6.70 4.900 X1,E-6
2 100 0.207 0.201 7.20 1.100 X1.E-6
3 110 0.213 0.210 7.34 0.600 X1,E-6
4 120 0.240 0.227 7.59 2,700 X1.E-6
3 140 04,267 0.253 7.98 1,350 X1.E-6

Xx DA/ON DATA XX

SFECIMEN’ NO. = A-83-23,L3
NO. OF DATA = b
R==1.,00

SMAX= 70.0 MFa

Surtaa Crack

CYCLE(X1000) CRK L., 2a8(mm) AVG. 3(mm) DELK(MFa-M) DADNC(mm/CYCLE)

0 80 0.076 '0.000 0.00 0.000 X1.E-6
1 90 0.147 0.056 4,04 3.550 X1.E-¢
3 110 0,169 0.079 4,75 0.350 X1.E-4
3 120 0,174 0.086 4,93 0.250 X1.E-6
4 130 0.213 0.097 5.21 1,950 X1.E-6

3 140 0.229 0.111 5.53 0.800 XxX1.E-6
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TEST DATA

SPECIMEN NUMBER: A-52-2|
pate: 7/ (2/ &5
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 27°'C
RELATIVE HUMIDITY: 6| %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = -2.0
S max = 75MPa
S min = — E5bMPa

FINAL LENGTH OF CRACK: 2. 3 mam ( Thru thickuess )

COMMENTS::

288

i
- L1
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AGARD Short Crack DARTA CHART

Record of crack lengths and map

Page / of _2  Loading Type_32 ‘.'_‘z""’"*““
Specimen no_g-52-21 Peak Stress s MPa
@.1mm grid
(e B ~———=ne- >
2K Cycles
L1 130 mm
LZ .027 _mm
L3 mm
L4 mm
LS mm
3 I 4K Cycles
t L1_ 267 mm
1 L2__.027 mm
L3 . mm
L4_,027 mm
LS_,023 mm
- bk Cycles

L4_.05s mm
_{ LS ‘!zz mm
K Cycles
Ll .0 mm
—- L2_ g7 mm
t L3 .;mé mm
L4 | mm
— LS_.049 mm
D Kk Cycles
Ll__196 mm
. Le .
L3 29 mm
L4__ 114 mm
—F LS__.060 mm
|12 k Cycles
L1_1237 mm
= . L2055 mm
3 L3_3(6 mm
L4 mm

S LS 060 mm



+
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AGARD Short Crack DATA CHARRT

Recard of crack lengths and map

Page_ Z of __Z Loading Type_ R=-2
Specimen no_4-§2.2/ Peak Stress 78 MPa

@.1mm grid

I - 14k C)'C]GS
! Ll_1657 mm

- L2__.oy mm

L3_ 332 mm
L4 mm

LS L1t mm
b K Cycles

A
r
wn

mm

12Kk Cycles
Ll 29 mm

B = L2__p9; mm
- L3 _ 49 mm
L4 L ¢ mm
LS mm
20 K Cycles
Ll_TuRrRy mm’
L2__. o1 mm

T L3 .5y mm
' L4 mm
- LS mm
Cycles
L1 mm
Le mm

S
[
41

L3 mm
L4 mm
LS. mm
Cycles
L1____~ mm
L2 ‘ mm

L3__ ~~  mm
L4__ = mm
LS.~ mm
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XX DA/DN DATA Xx

SPECIMEN’ NO. = A-52-21.L1
NO. OF DATA = 10
R=-2.00
sMAX= 75.0 MPa
Surfaca crack « corwer crack € 12k
CYCLE(X1000) CRK L. 23(mm) AVG. a3(mm) DELK(MF3-M) GADN(mm/CYCLE)

0 2 0.180 0,000 0.00 0,000 X1.E-4
1 4 0.267 0.112 8.94 21.750 X1.E-6
2 6 0.419 0.171 10.8S5 38,000 X1.E-6
3 8 0.605 0,256 13.00 46.500 X1.E-6
4 10 0,794 0.350 14,99 47,750 X1.E-6
5 12 1,237 ¢crren 0,508 17.73 110,250 X1.E-6
é 14 1.657 0.724 20.81 105.000 X1.E-6
7 16 1.853 0.877 22,79 49.000 X1.E-46
8 ' 18 2.131 0.996 24,24 69.500 X1.E-6

XX DA/DN DATA XX

SFECIMEN’ NO., = A-

NO. OF DATA =

R=-2.00

SMAX= 75.0 MFs3

surfasa crock
CYCLE(X1000) CRK L. 23(mm) AVG. a3(mm) DELK(MFPa-M) DADN(mm/CYCLE)

0 4 0,033 0.000 0.00 0.000 X1.E-6
1 6 0.076 0.027 4.62 10.750 X1.E-6
2 10 0.283 0.090 8.09 25.875 X1.E-6
3 12 0.3146 0.150 10.21 8.250 X1.E-6
4 14 0,332 0.162 10,57 4,000 X1.E-6
S 16 0.436 0.192 11.42 26,000 X1.E-6
é 18 0.493 0,233 12.45 14,750 X1.E~-6

7 20 0,518 0.253 12,94 5.750 X1.E-6




292

[ A VW) X130
A 10

TT T T 1 T T T |

MIVHI-9NOT ‘0-0
VANS/=XVNS +-+

}2-25-v 0 2~=H

0l

90}

c.0t

| O}

(370A2/WNW) NO/vQ



293

f0+3000°c [0+300S°T

SNOYD TW-LNIWIIYdS 10

[0-3000 "0

IB+300S°I- I0+3000 "€-

WWE “C=T"1
HdWSL=(XtN) S

VAR

I¢-¢5-4H

E0+3000 " 1- €0+3000 "€-

SONNOJ—-0u0

E0+3000°E E0+3000°1



| ORIGINAL PAGE 18
EOOR QUALITY

B e L
¢ =500 um

sy e

A/

er(ca @ 20k cycles

v




ORIGINAL PAGE 19
OF POOR QuALITY

re-es-v




296

SIDE!

SIDE*

Tracing of Crack Front for A-52-21




297

TEST DATA

SPECIMEN NUMBER: A - 74 -20

DATE:

7/w /85

PARTICIPANT'S NAME: Joo-Jin Lee

John Cieslowski

TEST TEMPERATURE: 27'c

RELATIVE HUMIDITY: 54 %

WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = -2

S max

S min =

75 MPa
—\5d M4Pu

FINAL LENGTH OF CRACK: O0-035mm 0.07%am ...

COMMENTS::

MMy microcrotks were +oumd at 8k Cybeﬂs .
Crack &rowth <test ‘wao s‘ha"-.d +o run

TS0& measurewmem+ on 0-03Cmm  cChack,

sfecem was #not  brekew Wp ﬁi-wh‘ca.l(),,

A phote  wae tauken frowm  +Ha specimen surface,
(Sluwik} 0.035mm  cragk M«de+«$o\qse/+)

No crack map was Arawn
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TEST DATA

SPECIMEN NUMBER: A - 75 -16
DATE:
PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski
TEST TEMPERATURE: 2 7° C
RELATIVE HUMIDITY: 6§ o
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

299

R-RATIO = -2.0

S max = 60MPa

S min = -120MPu

FINAL LENGTH OF CRACK: 2. |75mm ( Thru thickyess) - L4

COMMENTS:
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AGARD Short Crack DATA CHRRT

Record of crack

Page [ of_ 4-

lengths and map
Corstant Amplitude

Loading Type Rrs-2

Specimen no_J-75-/6 Peak Stress: €0 MPa
@8.1mm grid
(mmmm———— B == >
/5K Cycles
& Lt mm
| L2 ‘24 mm
L3 mm
L4 mm

LS mm
20K Cycles

-4

Ll_,023 mm

L2_ 0k mm
L3 mm

L4 mm
LS mm
25K Cycles
Ll_ 097 mm
Le_ L, mm
L3_,0v7 mm
L4 mm
LS mm
30k Cycles

Li_, 091 mm
L2 ram
L3 104 mm
L4 _ 03 mm

LS__.02z7 mm
357K Cycles

Ll_.136 mm
L2 mm
L3 (09 mm
' L4_ 0 mm

LS_,0Ss mm
40k Cycles

Li_(s3 mm
L2 mm

L3:,147 mm
L4__,0xR mm
LS_ 060 mm
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AGARD Short Crack DATA CHART

Record of crack

lengths and map

Page 2 of_ <« Loading Type R=-2
Specimen no 4-251b Peak Stress 60 MPa
@.1mm grid
o= B ~—————e- >
45 ¢ Cycles
Ll_(s8 mm
. L2 mm
L3_ 191 mm
L4 mm
~ LS_, 82 mm
I SHK Cycles
L1_,15% mm
= A L2 mm
L3_25] mm
L4 mm
LS_,(53 mm
e SSK Cycles
L1 *¥ mm
T L2 mm
-+ L3 mm
L4__ ooy mm
LS ex mm
e 60K Cycles
L1 261\ mm
- w2 mm
i L3_z1 mm
t L4 mm
LS_234 mm
I Cycles
Ll_23% mm
L2 mm
s L3 mm
L4 " mm
LS 25 mm
1 e 70L& Cycles
iﬁsf‘ Ll_.=222 mm
~ T — L2 mm
L3 40  mm
L4 S94 _mm
L LS_, 4674 mm

#% pot Cllar 40 measure
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AGARD Shart Crack DATA CHART

Record of crack

Page 2 of_ 4
Specimen no__4-287/6

@.1mm grid
TITEE -

Loading Type
Peak Stress.

lengths and map

R=-2
£0

MPa

15K Cycles

Ll_3249 mm

mm
mm
mm
mm

1l

I

# et clRar o measure




303

ARGARD Short Crack DATA CHART

Record of crack lengths and map

Page 4 of 4 Loading Type Re-2
Specimen no__4-75-/6 Peak Stress: 60 MPa
@.1mm grid
{mommoomw— B —————ee- >
= |L[ T IOS'K CYCIGS
g
1 T L LI—L'XJ——LEO mm mm
L3 L4 mm
L4 2‘01 mm
LS lae mm
\—% TITT] 10 K Cycles
11 1 . 1 Ll—Lz'QB—L'z mm mm
i : L3 mm
i L4 2 (75 mm
LS mm
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS mm
Cycles
L1 mm
Le mm
t L3 mm
i L4 mm
LS mm
Cycles
L1 mm
o L2 mm
L3 mm
’ L4 mm
LS mm
Cycles
L1 mm
. Lz mm
L3 mm
L4 mm
L LS mm




10

i1

12

13

14

XX DA/DN DATA Xxx

SFECIMEN’ NO.

NO. OF DATA
R=-2.00

SMAX= 60.0 MFa

surfae crack
CYCLE(X1000)

15

45
50
65

70

80
85

90

100

105

= A-75-16.L1

= 16

CRK L. 23(mm) AVG.
0.027 0.000
0,033 0,015
0.087 0.030
0.136 0.056
0.153 0.072
0.1358 0.078
0.261 0.10§
0.278 0,135
0.322 0,150
0.349 0.168
0,363 0.178
0,425 0.197
0.431 0.214
0.4358 0.222
6.478 0.234
1.809 0.572

a(mm)

DELK(MFa-M)

304

DAON(mm/CYCLE)

0.000

0.600

1,700
4.400
2,700
1.600
6,000
0,600
2,700
2,000

133.100

X1.E-$
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.,E-46
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

X1.E-6




Xx DA/DN DATA xx

SFECIMEN’ NO. = A-7

NO. OF DATA

=-2.00

= 14

SMAX= 60.0 MF3

corner crack
CYCLE(X1000)
25

30

3s
40
45
50
55
60
65

70

100

CRK L.

0.087

0.104

0,109

0.147

0,676

0.719

0.774

5-16.L3

23a(mm) AVG.

0.000

0.095

0.106
0.128

0.169

0.618
0.697
0.747
0.845

0.934

a(mm)

DELK(MP3~-M)

0,00

6+38

305

DADN(mm/CYCLE)

0.000

3.400

1.000
7.600
8.800
12.000
10.800
13,200
17.400
6,600
14.000
23.000
8.600
11.000
28.400

7.400

XI.E‘é

X1.E-6

X1.E-6
X1.E-6
X1.E-64
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

xloE-é




10

11

*¥X DA/DN DATA xx

SFECIMEN’ NO. = A-7

NGO, OF DATA

R=-2,00

= 14

SMAX= 40.0 MFa

sSurfecs crock
CYCLE(X1000)

40

70

75

80
83

100

105

CRK L.

0.038
0.035%
0.093
0.098
0.496
0.545
0.594
0.632
0.937
1.019
1.03¢
1.068

2.104

9-16.L4

23(mm) AaveG,

0.000

0.048

0.148

0.260

a{mm)

DELK(MP3-M)

306

DADN(mm/CYCLE)

0.000
1.700
J.800

0.500

39.800

4.900
4,900

3.800

30.500

8.200
0.850

3.200

103,400

X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-4
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6

X1.E-6
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TEST DATA

SPECIMEN NUMBER: 4 —-&4 -20
DATE: 7/ 1l /85

PARTICIPANT'S NAME: Joo-Jin Lee

‘ John Cieslowski
TEST TEMPERATURE: 27°'¢c

RELATIVE HUMIDITY: 58 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = = 2.0

S max = 60 H Pa

S min = =20 MPa

FINAL LENGTH OF CRACK: O-174 wmw (L2)
COMMENTS ;

312
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AGARD Short Crack DATAH CHART

Record of crack lengths and map

Page ¢/ of /- Loading Type
Specimen no_4-24-20 Peak Stress 60 MPa
@.1mm grid

FeL3 Cycles
Ll opib mm
L2 mm

L3 mm
i L4 mm
LS mm
0 20 K Cycles
2 Li__ 022 mm

L4 mm
LS mm

1
-
w
o
v
\I‘
3
3

L3___~~~ mm
' L4 mm
LS mm
Cycles
L1__ ~  mm
L2 mm

L3 mm
L4 mm
LS~~~ mm
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XX DA/DN DATA xx
SFECIMEN’ NO. = AB8420.L1
NO. OF DATA = 3
R=-2.00
SMAX= 60.0 MFa

SURFACE CRACK

CYCLE(X1000) CRKN L. 2a3(mm) AVG. a(mm) DELK(MFa-¥) DAON(mm/CYCLE)

0 135 0.01¢4 0.000 0.00 0.000 X1.E-4
1 20 0.022 0.009 2.21 " 0.600 X1.E-6
2 30 0.027 0.012 2.51 0+250 X1.,E-6

XX DA/DN DATA xx
SFECIMEN’ NO. = AB420.L2
NO. OF DATA = 3
R=-2.00
SMAX= 40.0 MFa

CORNER CRACK

CYCLE(X1000; CRK L. 23(mﬁ) AVG., al(mm) DELK(MFa-M) DAONC(mm/CYCLE)

0 20 0.093 0.000 0.00 0,000 X1.E-%
1 25 0.131 0.112 7.08 7.600 X1.E-6
2 30 0.174 0.153 8.16 8.600 X1.E-4
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SIDE!
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TEST DATA

SPECIMEN NUMBER: A — &0 —1|

DATE : 7/ 6/ &%

PARTICIPANT'S NAME: Joo-Jin Lee
John Cieslowski

TEST TEMPERATURE: 27°¢c

RELATIVE HUMIDITY: 68 7%

WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

R-RATIO = -2.0
S max = 5oMPa
S min = —{o0 HP(#

FINAL LENGTH OF CRACK: O:. 1O\ mm

COMMENTS :

318
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AGARD Short Crack DATA CHART

Record of crack leﬁgths and map

Cons{. et
Page | of 1 Loading Type R:I-ZM “
Specimen no éﬁ—“ Peak Stress Y”) MPa
@.1mm grid
- B = >
715 k Cycles
L1 H50  mm
L2 mm
L3__mm
L4 mm
s mm
125k Cycles
L1 088 mm
Le mm
L3 mm
L4 mm
LS mm
730 k Cycles
; Ll ./00 mm
1 L2 mm
L3 mm
L4 mm
LS mm
734k Cycles
L1 JOo4 -mm
H- LZ_'__ mm
L3 mm
L4 mm
LS mm
Cycles
L1 mm
L2 mm
L3 mm
L4 mm
LS mm
= Cycles
L L1 _mm
— 4 : L2 tnm
} L3 mm
5 L4 mm
' LS mm
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XX DA/DN DATA xx
SPECIMEN’ NO., = AB011.L1
NO. OF DATA = 4
R=-2.00
SMAX= 50.0 MPa

SURFACE CRACK

CYCLE(X1000) CRK L. 2a(mm) AVG, a(mm) DELK(MFP3-M) DADN(mm/CYCLE)

715 0,050 0,000 0.00 0.000 X1.E-¢
725 0.085 0.026 3.03 0,250 X1.E-4

734 0.101 0.050 4,12 0.125 X1.E-6




321

SNOY) IW-LNIWNIDUJS 10

00+3008°T T0-3000°S

[0-3000°0

f0-3000°S- 00+3000°T-

UdWOS=(XUW) S
R°C-=Yy

IT-p8-4

€0+3000° 1- £0+3000°€-

SONNOJ-0B01

€0+3000°€ €0+3000°1




DRIGINAL PAGE S
pE POOR QUALITY




ORIGINAL PAGE 18
OF POOR QUALITY

A-80-11

e
BORE
-
CRACK FRONT-—fC

Tracing of Crack Front for A-80-11




324

TEST DATA

SPECIMEN NUMBER: A -4 - 05
DATE: 2 /16 /88
PARTICIPANT'S NAME: Joo-Jin Lee

John Cieslowski
TEST TEMPERATURE: 26° ¢
RELATIVE HUMIDITY: 67 %
WAVEFORM TYPE: Sinusoidal wave, 20 Hz

LOADING SEQUENCE TYPE: Constant amplitude

‘R-maTIO = —2-0
S max = 5o MPa
S min = —100 HPu

FINAL LENGTH OF CRACK: 2. 3 amm ( Thru +hickuess) - L3

COMMENTS::

« Cracks wene 'FDM ot 0.8 mwm abova aMg{ 0. 6 wmm

dewn  the comter Rine
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RGARD Short Crack DATAR CHARRT

Record of crack lengths and map

Const . Awplhude
Page / of ¢ - Loading Type . R= -2
Specimen no__ A {7-0% Peak Stress S0 MPa

@.1mm grid

0y 20K Cycles
v 7 Ll_093 mm
Le mm

< L3 mm
L4 mm
LS mm
SOK Cycles

Li__ 4 mm
05— Lz mm

L4 mm
LS mm

L3 mm
L4 mm
LS mm
' Tk Cycles

od — L2 nm

o
|

r

w

mm
L4 mm
LS mm

{e] 3 Cycles

L4__ = mm
LS____ = mm
WK Cycles
L1_239 mm
. - Lz mm
2 L3 mm
L4 mm .
LS ===~ mm
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page_ 2 of __6- Loading Type _R=-2
Specimen no_4-¢63-05 Peak Stress $9 MPa
@.1mm grid
I B ~————eea >
/03% Cycles
245 mm
*‘2;2' —— — L2__p60 mm
~. Sae 3 : -— L3 mm
i, L4_L5—mm
mm
=5 110 k& Cycles
“0.5 L1__273 mm
.Q L2___ps mm
~0. & L3 O lé mm
3“ L mm
LS mm
: nRo ¥ Cycles
L1_273 mm
’2’;. I L2__pés mm
~0.5 L3_0o%2 mm
L4 mm
“ LS mm
- 120K Cycles
0.5 : L1_279 mm
¢ = = L2 .05 mm
=Y 'r L3__py2 mm
ﬁ L4 mm
' . LS mm
140 K Cycles
Ll_=ih mm
%Q’— = L2__ 045 mm
~o.8 1 L3_ 20 mm
L4 mm
LS mm
(SO K Cycles
L1 mm
”{__,; L2 % mm
a5 ¢ L3_,/20 mm
L4 mm
H= i LS mm

’ X G-.,d.. wn.s ;04 clear
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RAGARD Short Crack DATA CHART

Record of crack lengths and map

Page R  of Loading Type R=-2
Specimen no A-63-05 Peak Stress S0 MPa
@.1mm grid
(m——————e B >
o ok Cycles
‘o L LiI_ 44 mm
— - L2__ s mm
—Smm L3 |53 mm
Ll L4—_mm
LS mm
A (70K Cycles
Ll ° % mm
esom. L2___ oS  mm
~o. S L3_6 mm
im L4 mm
LS mm
[R0K Cycles
L1 44| mm
o= — L2 L3  mm
_,,f.. L3__196 mm
L4 mm
- LS mm
|90k Cycles
Ll_452 mm
"'f: — - Le Tm
-0 5 " L3_. mm
: L4__ 3] mm
- LS mm
200K Cycles
L1 .S72 mm
"'25— - Le mm
~0.6— L3 mm
© o L4_ 23 mm
il LS mm
210K Cycles
L1__.549 mm
”’é : T T L2 mm
—. L3_242 mm
4 ﬁ$§ L4 o
mm
A N -

¥ Crack vas ot clear
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RAGARD Short Crack DATA CHART

Record of crack Iehgths and map

Page_4 of_ 4 Loading Type _R="2
Specimen no_ 44915 Peak Stress 50 MPa
@.1mm grid '
(m=—————— B -0 >
1 2.2,0& Cyc les
: mm L1 *  mm
. : 2 mm
—o. Oy L3 *- mm
L4 »® mm
il _—_LS mm
‘ 230k Cycles
L1_v3) mm
-m::' L2 mm
—oom— — L3_343 mm
L4 257% mm
I —_——-Ls mm
290 K Cycles
L1__ 465 mm
o= L2 mm
- L3_3AH2 mm
li 11T L4-——1L mm
LS mm
250K Cycles
L1_ 471 -mm
o N L2 mm
_0.5 : L3 . 5"2— mm
1 L4_.337 mm
= LS mm
260K Cycles
L1_126 mm
-Hés L2 " mm
0.5 = 1 L3 . mm
[ & 0 I I O | L4_l_.:st_mm mm
I 270k Cycles
} L1__ Q29 mm
*0'52 - = L2 mm
—0.5™ —_ L3 459 mm
i - L4-—~ﬁ———"Ls 2 mm mm

¥ Replita was not  clear
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AGARD Short Crack DATA CHART

Record of crack lengths and map

Page 5 of % Loading Type R==~2 .
Specimen no__ 44305~ Peak Stress 50 MPa
@.1lmm grid '

'
s qulk Cycles
*‘;" : — L2 -
—oubom L3__ Q06 mm
[} | rrr'r[ L4—E——Ls mm

: 230K Cycles
+0.5 Ll__ 99 mm
L2 mm
—.5— . L3_9b mm
(I l:lf L44L5Q3——mm mm
300K Cycles
& Ll_/m9 mm
e Y L2 mm
L3_ /(019 mm
d { L4 ioz mm
LS_ ~ mm
)0 K Cycles
0.5 L! [t -mm
T L2 mm
L3_)227 mm

it i i1y i1 L4_.ﬂ3_mm
‘ LS mm

mm

4o.6 Ll_t22/ mm
¢-= : T L2~ mm

50.5 =
lllllllLL{ 1 * L4—‘ﬁ.‘Qme
11
LS mm

""’",5‘ < _ L1_ =224 mm
~0.& - =+ = L3 602 mm

0 . L4—‘ﬂ1—mm
LS mm
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RGHRD Short Crack DATA CHART

Record of crack lengths and map

Page of 4 Loading Type R=-2
Specimen no_AA47-05 Peak Stress <0 MPa
@8.1mm grid
(mmm————— B ————=——e >
I 240 k. Cycles
' L1 R4 mm
ﬂ‘{” . . H T L2 mm
Y - L3 mm
0 it e 1 L4_me
LS mm
T 2XHE Cycles
"“"3 Ll_.Lﬁme
¢ ) L2__==~ mm
—-0.5 L3 2006 mm
it i ii | I :: IT{lll L4—'5me
T LS mm
260K Cycles
408 L1 _4$09 mm
¢ ) : L2 mm
-0.5 . L3 2/60 mm
LllllT% lllL[T} L L4-J—-I——-, mm
LS mm
362K Cycles
w08 L1_y.si5 -mm
¢ — ) Tt T L2 mm
-0 ' L3 Thru mm
l[Ti{lLl_lllllr-llLLLIflrﬂ L4—£b—— mm
LS mm
Cycles
L1 mm
o L2 mm
L3 mm
L4 mm
LS mm
T Cycles
Lt mm
Hl— L2 mm
L3 mm
L4 mm
LS mm

¥ Crack was net clear




190

11

13

14

16
17
18

19

xx DA/DN DATA xx

SFECIMEN’ NO., = A-6&
NO. OF DATA = 31
R=-2,00
SMAX= 50,0 MFa
Corner Crack
CYCLE(X1000) CRK L.
30 0.093
50 0.114
60 0.169
70 0.213
80 0.223
?0 0.239
100 0.245
110 0,273
130 0.278
140 0.316
150 0,349
140 0.414
130 0.441
199 0.452
200 0.512
210 0.540
230 0.561
240 0.665
250 0.681
260 0.736
270 0.828
280 0.872
290 0.981
300 1,079
310 1,166
320 1.221
330 1,335
340 1.384
350 1,450
360 1.509
J&2 1,515

8-05.L1

2a3(mm) AVG,

0.000
0.103
0.141

0.191

a{mm)

DELK (MFPa~-M)

0.00

18.38

18.7¢

331

DADN(mm/CYCLE)

0,000 X1.E-4
X1.E-6
X1.E-6
X1.,E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
0.250 X1.E-6
3.800 X1.E-¢4
3.300 X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.,E-6
X1.E-¢4
X1.E-6
X1.E~-6
X1.,E-%
X1.E-6
X1.E-6
4.400 X1.E-6
10,900 X1.E-6
7.800 X1.,E-6
8.700 X1.E-6
5+300 X1,E-¢
11,400 X1.E-¢
4,900 X1.E-4
6.600 X1.E-¢
3.900 X1.E-5

30000 XI»E‘&)



16
17

18

xX

DA/DN DATA x%xx
SFECIMEN’ NO., = A-¢
NO. OF DATA = 22
R=-2.00
SMAX= 50,0 MFa
corwer crack

CYCLE(X1000) CRK L.
110 0.076
120 0.082
140 0.120
160 0.153
170 0.194
200 0.240
210 0.242
230 0.343
240 0,392
230 0.512
260 0.600
270 0.659
280 0.806
290 0.916
300 1.079
310 1.237
320 1.352
330 1.602
340 1.814
3350 2,006

8'050 L3

2a(mm) AVG.,

0.000
0.079
0.101
0,137
0.175
0.218
0.251
0.303
0.348

0,432

1.294
1.477

1.708

1.910

a(mm)

DELK(MF3-M)

0.00

5.01

17.51
18.57

19.85

20,94

332

DADN(mm/CYCLE)

0.000
0.600
1.900
1,650
4,300
1.467

2.200

S
(=4

+ 030
4.900
12.000
8.800
S.900
14,700
11.000
16,300
15.800
11,500
25.000
21,200

19.200

X1.E-4
X1.E~-6
X1.E-6
X1.E-6
X1.E-6
X1.,E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-64
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.E-6
X1.,E-6
X1.E-6
X1.,E-6
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