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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The preﬁent day concern of fracture mechanics is the study of
critical crack sizes which have a significant effect on the life of a
component. The failure of a structure or a component is often due to
the presence of a crack of critical size. Fatique, which causes
failure of materials by the incipient growth of flaws, is the most
important cause. Thus, understanding the behavior of microcracking
énd growth of small cracks in fatique leads to the development of
improved methods of predicting lives of components.

Failure of materials under fatigue involves [1l] the following:
1. Initial cyclic damage (cyclic hardening or softening)

2. Formation of initial microscopic flaws (microcrack initiation)
3. Microcrack coalescence to form a propagating flaw (microcrack
growth)
4. Macroscopic propagation of this flaw (macrocrack growth)
5. Failure instability
Often.steps 1 and 2 described above are referred to as crack

initiation, 3 and 4 as crack propagation.

1.1 SHORT CRACKS AND THEIR IMPORTANCE

The definition of a short crack depends on the nature of the
problem being considered. Reference 2 1lists various considerations

for defining short cracks, such as the following:



1. Relative size of the crack with respect to the microsructure

6 in to 2 x‘l_O'3 in.)

(grain size etc., 0.4 x 107
2. Relative size of the crack with respect to the plastic zone
| (typically 0.004 in. 1ﬁ high strength matefia]s, or 0.04 in. to
0.4 in. in low strength materials, and varying with stress 1evé1)
3. Size of the crack with respect to thickness (constraint)
4. Size of the crack with respect to the applicability of Tinear
‘elastic fracture mechanics, LEFM.
§. Crack detecting capability i.e., cracks that are so small that
they are difficult to find (0.004 in. to 0.04 in.)

Thus, an exact definition of a short crack cannot be made. The
size of a crack to be considered as short (small) depends on the
perspective of the préblem that one is faced with.

A reasonable and improved estimate of the life of a qomponent
can be made by the study of sHort crack initiation and growth. Since
most service failures are caused by cyclically varying stresses which
cause prdgréssive failure of é cohpdnent, the short crack problem in
fatigue is of major concern. Advances in the understanding of short
crack growth have enabled increasingly quantitative studies to be
pursued into the specific mechanisms that affect initiation and
growth. Manufacturing related problems associated with small cracks
that affect the lives of structural components have been identified
lé]. References [4,5,6] discuss the importance of the short crack

problem.




Since the similitude relative to the metallurgical structure
breaks down for short crécks, the local effects will be dominant in
the materials response. Material inhomogenieties, such as crack
front irregufarities, second phase particles or inclusions, and grain
boundaries play a vital part in affegting the local stress field and °
hence the materials response. In the case of long cracks, all these
effects are integrated and averaged over many grains. But in the
short crack case, the following are important: appiied stress, yield
stress and yieid properties, crystallographic anisotropy,
homogeneity, and environment.

The behavior of short cracks as to their propagation is
different from that of long cracks, which can be generally handled by
LEFM. The literature indicates that study of short cracks should
consider the following aspects:

1. Fracture mechanics characteristics involving elastic-plastic
fracture mechanics, and

2. Physics of crack propagation involving microstructure,
environment, crack closure, crack extension, crack size, and

crack shape.

1.2 FATIGUE CRACK PROPAGATION

Rice [7] and Hult and McClintock (8] used plastic superposition
methods which are valid in cases where b]astic strains are in
constant proportion to one another and where total strain theories

can be applied. These are ideal cases, and in reality, there are



‘deviatiohs'ffom'proportional flow. The idea]bcase assumed by Rice
[7f permits d general treatment of the reponse to unloading,
reloading dnd'cyclic loading.

Small séé]e yielding solutions for cyclic loading dre obtained
dfredt]y by replacing the stress intensity factor by its variatiod'
and doubling the yield stress, cy, and yield strain, €y One of the
impoffant results from analyzing the elastic-plastic models for small
sc&ie yielding is that plastic deformation is entirely determined by |
the history of variation of the stress intensity factor, K. Thus, |
two different cracked bodies will exhibit identical fatigue crack
extensions if each is'subjected to the same variations of K.

But in large scale yielding, eSpe¢1a11y when the crack {tself is
small, no single parameter is known that plays the rolé of the
elastic stress intensity factor in determining crack fip
plasticity. Large scale yielding analyses are not available for all
cases, since with perfect plasticity models, unrestricted flow
occurs. Thus, crack propagation under repeated overall plastic
straining has not been analyzed mathematically because of the
complexities involved. ’ {

LEFM is based on the result that the strength of the elastic
stress field singularity at the crack tip is expressed by K, which is
a function of the applied load and geometry [9,10]. The resistance
of metals to fracture under static and cyclic loading can be

described by this stress intensity factor in a geometry independent
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atigue crack growth models also do not
ities of the long crack behavior. Hence,
this method of using LEFM for predicting
limited. Kanninen [12] observes that crack
crack tip plasticity, but the result is not
ties involving similitude. " Thus, for short
litude does not usually exist, LEFM based
ad.

icale yie]ding, grack growth rate is

th as the J-integral [13,14,15], crack
16,17,18], and the size of the plastic

d on small scale yielding generally

rates, especially when tHe crack length
f short cracks can thus be atrributed to

lum mechanics assumption used with LEFM,

elasticity assumption.

| compared to the plastic zone, cracks are
1 expected from the long crack LEFM

2d to inappropriate use of LEFM analysis
. One approach is to remove the

id long cracks in the use of the J-




Ritchie [2] lists the following factors which have signifiéant
impact on short crack growth behavior:
1. P1astic1ty at stress raisers- (notches)
2. Microplasticity
3. Gfaih bodndafy b1ocking of slip banas
4. Cessation of growth and crystgl]ographic reorientation of grdwth
at grain'boundaries; |

5. Crack closure

1.3 CRACK CLOSURE

Since Elber [20] showed that fatigue cracks can be partially
closed even under tensile loading, crack closure has been widely
investigated and recognized as an important factor affecting fatigue
crack propagation behavior. Briefly, crack closure can be induced by

plasticity, crack surface roughness, or oxide wedging.

1.3.1 PLASTICITY INDUCED CLOSURE

.A schehafic illustration of the mechanism of plasticity induced
closure is shown in Fig. 1. |

Plasticity induced.c1osure is due to the contained plasticity
and due to the residual tensile strains left behind the crack tip.
As the load is app1ieq, the material ahead of the crack tip yields
due to the stress concentration, even if the applied stress on the
specimen is below the yield stress. The size of the plastic zone is

related to the crack length and applied stress {9]. The material




fv,

surrounding the plastic zone reméins elastic, and as the load is
decreased, compressive stresses build up'in the region of the crack
tip. This compressive stress must be overcome before the crack tip
can open on reioading.

The other mechanism which causes crack closure behavior is due
to the residual strains that exiét in the wake of the moving crack
tip. There exists a region of residual tensile strains
(deformations) which are left in the material behind the crack tip.
These are illustrated schematically in Fig. 2. These residual
strains existing inside of the envelope of all previous plastic zbnes
are also responsible for crack closure [20,21]. These cause the
crack surfaces to come into contact before the minimum stress level
in the cyle is reached. Upon loading, the crack will open only when
the applied stresses overcome the residual compressive stresses
between the crack surfaces. Since crack growth can occur only when
the crack tip is open, an effective stress intensity is defined to
correlate crack growth rates. Elber [21]| defines an effective stress

range as

8%aff = max " %op @

where max is the maximum stress level and %op is the opening level.

Defining

U = —max op_ _ _eff (2)



Elber obtained the following crack propagation equation for an

aluminum alloy:

a

93 - cluk )" = UK _‘ -3

where da/dn is the crack growth rate and AKeff is the effective
stress intensity range. By his results, he fitted an emperical

relation for U as

2

U=0.5+0.1R +0.4R (4)
where R is ‘the ratio of the minimum stress level to the maximum
stress level. ‘

‘Some other relations developed for U by various workers are
given as
U=0.68+0.91R (Ref. 22) (5)
1-C a '
U= L0 = (Ref. 23) (6)
- “max
Kmax
U= 100 [B8OR + 6.0] + L.30R + 0.2 (Ref. 24) (7)
Equations (4) - (7) can be expressed in the general form
U= f(R, Kmax’ material) (8)

Crack closure is thus a complicated process influenced by

cracking mode (I, II, or I[II) environment, and microstructure.




From the various reportéd work, the following, not fully
consistent, observafions have been made:
l. U= f(R) for a material is independent of other parameters
[22,23]
2. U increases with increase in R in all cases, whereas the

relationship of U with K is not usually the same.

max

3. No crack closure is observed at higher values of R, i.e., U
becomes more than unity [24].

4. Crack closure measurement technique is found to influence the

value of U.

The role of compressive stress in the plastic zone envelope in
the wake of the crack would be limited for a small crack of length
comparable to the plastic zone size ahead of the crack tip. This may
be one of the reasons why short cracks can grow at a level below the
threshold stress-intensity range.

Analytical work [25,26] ‘has been done to predict the crack
opening load. These results may give closure loads which differ from
the opening load [27]. Budiansky and Hutchinson [25] have determined
the residual stresses and crack opening and closure loads for R > 0
loading in plane stress situations. Recently, Nakai, et.al. {28]
have published results based on Budiansky and Hutchinson's analysis
which can be extended to R < 0, also for small scale yielding

situations.
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In their analytical work, Budiansky and Hutchinson [25] solved a
boundary value problem at Kmin with a residual displacement sr”a1ong _
the contact region (-=,0), a compressive yield stress, -0, over the
reversed plastic zone, aw, in (0,3), and with a displacement §=8y
between reversed and maximum plastic zone size (a,w). The crack tip
parameters that were used in their analysis are shown in Fig. 3. As
is indicated in their work, the Dugadale model which has been used is
most appropriate for plane stress problems, whereas plane strain
conditions are more relevant to fatigue crack growth. It is also
noticed that cyclic hardening produces increased closure effects.
Di1l et.al. [29,30] obtained an integral equation formulation to
determine the contact stresses and effective stress intensity by a
different approach.

Thus it is observed that most of the work on crack closure has
been focused on long cracks and small scale yielding conditions.
Newman [26,31,32] has developed a model based on the Dugdale model,
leaving the plastically deformed material in the wake of an advancing
crack tip. The advantage of using this model is that plastic zone
size and crack surface displacements are obtained by superposition of
two elastic problems. Ohji et.al [33,34] also have used finite
element tecniques based on a Dugdale type model to study closure
behavior. Newman has used elements, which behave as perfectly

plastic material for any applied load. These elements can be either
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intact ahead of the crack tip, or broken behind it, to represent
residual plasticity effects. The elements which are not in contact
are used to calculate °op' Using the effective stress-intensity,
Newman [26] has used plasticity corrected K values in his
calculations. Figu}e 4 describes the crack ‘surface displacements and
stress distributions along a crack line with the elements as used by
Newman [26].

[t is important to observe from Newman's analysis that at equal
K values, the applied stress needed to open a small crack is less
than that required to open a large crack. Consequently, Aogee is
greater for small cracks. This correlates well with the high crack
growth rates for short cracks. Thus, the short crack effect may be
at least partly a result of the differences in the crack closure
effect between Tong and short cracks [26]. The effects of the stress

ratio, R, peak stress, o___, and the degree of constraint at the

max
crack tip can all be included in Newman's analysis.

1.3.2 ROUGHNESS INDUCED CLOSURE

In shear mode (II or III) 'extension of the crack, the rough
irrequiar fracture surfaces [35,36] induce roughness induced
closure. In these cases, crack closure will be strongly dependent
upon crack size [36,37]. In the case of short crackﬁ, rbughness
induced closure is less significant because of the near zero crack
lengths. A schematic diagram of roughness induced closure is shown

in Fig. 5. The amount of crack closure has been observed to
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correlate with increasing fracture surface roughness and the degree
of crack path deviation from a straight line [46]. Thus, for Tong
cracks, a zig-zag path of the crack should be considered along the
crack front because of the pronounced crack deflection. The extent
and angles of these deflections and concurrent stresses are thought

to be related to texture and grain size.

1.3.3 OXIDE INDUCED CLOSURE

There are situations in which crack closure occurs because of a
wedging action from oxidation or corrosion products [38]. A
schematic diagram of the oxide induced closure is shown in Fig. 6. A
number of workers have studied oxide induced closure and have offered
explanations for near threshold corrosion fatigue crack growth

behavior.

1.3.4 DISCUSSION OF CRACK CLOSURE EFFECTS

Since short cracks possess a 11mitéd Wake;'it is’' to be expected
that in general such cracks will be subjected to less closure. There
are difficulties in experimental techniques to observe closure as
such. The experimental techniques reported in the literature on
crack opening/closure measurements vary from one investigator to
another. The location of the crack opening displacement has also
been shown to influencg the results significantly [47]. As observed
in Newman's analysis, residual stresses at Smin have been estimated,

and crack opening loads to overcome them have been calcuiated. The
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other analytical work on crack closure has mostly been done for R > 0
loading.

Sehitoglu (27] has observed a difference between crack opening
and closure levels, while in most experimental studies crack opening
and closure 1évels were assumed to be equal. The level of crack
closure is, lower than the opening level, so that use of the closure _
level results in conservative values of AKeff. |

Because of the inadequate characterization of the crack tip
stress and deformation fields and surface interaction effects, crack
closure studies are not complete. Reference [39] reports a crack
that was open throughout the entire cycle under R=-1 Toading.

Similar observations have been made under large scale yielding. No
solution yet exists to analyze closure effects in the case of general
yielding.

In most previous work, a Dugdale type of model is used, where
the plastic strain gradient perpendicular to the crack axis is
considered by assuming all the sample to be elastic except a small
strip in the weakest cross section. This severely strained region is
considered to model the redistribution process due to the elastic
material response on its boundary. From this viewpoint, the shape of
the plastic zone is less significant compared to its extent along the
crack axis. Thus, this type of model can be applied only to a
special case of e1a§tic—p1astic fracture mechanics problems and

cannot be generalized to completely describe real fatigue crack
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growth behavior. Added to these compiexities is the three-
dimensional nature of the crack, where plane strain conditions exﬁst
in the interior and p1éne stress conditions at the surface. Since
most experimental techniques measure closure by observing surface
cracks, they may not give good inéight into tﬁe actual crack closure
phenomenon. _

From the various reported work, it has been observed that study
of crack closure effects has been limited to mostly elastic analysis,
i.e., small scale yielding. Crack closure observations in completely
reversed cyé]ing at high strains have not been reported. The effect
of plastic strain on the crack closure behavior is thus poorly
understood. For a better understanding of the crack growth behavior,
experiments are to be conducted at different strain levels, at
different R ratios, and on different grain sizes. This in turn will
result in a more general elastic-plastic analysis describing the
crack growth behavior in all cases. This study concentrates on the
closure behavior of cracks at high strains. The experimental results
of this study is hoped to reveal the effects of the residual crack

tip plasticity and iﬁs manifestations, i.e., crack closure in a

broader perspective.




CHAPTER 2

EXPERIMENTAL PROGRAM

Controlled strain tests were conducted on uniaxial test
specimens, and detailed observations of crack opening and closing
were made. The details and scope of the testing procedures and

methods are described here.

2.1 MATERIAL

The experiments are conducted on strengthened metal alloy AISI
4340 steel. The chemical composition and the mechanical properties
are tébulated in tables 1 and 2, respectively. The material was
obtained in thick section to obtain the most isotropic and
homogeneous state possible, and was heat treated in slabs
sufficiently thin to obtain through hardening, specifically 2
inches. - Also, the material was relatively free of any crack
arresters such as large nonmetallic inclusions. Reference (40]
illustrates typical inclusions and their sizes. The preéence of such
crack arresters would invalidate the results, since measurements are
made on surface cracks, which propagate through the thickness also.
The AISI 4340 steel chosen for the study has a mean prior austenite
grain size of 0.00063 in. Cyclic stress-strain and low cycle fatigue
data for this material are shown in Figs. 7 and 8 [40]. The data

obtained from the present study are also shown on

15
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these figures, and these correlate well with the previous work of

Dowling [40] on the same material.

2.2 SPECIMEN DESIGN AND GEOMETRY

Smooth unnotched axial specimens are used in the present
study. The specimen geometry is shown in Fig. 9. Material for these
specimens was obtained from a 7.5 in. diameter bar, the axis of the
specimens being paraliel to the axis of the circular bar. In the low
cycle fatigue region, surface finish in the reduced section is not
that 1mbdrtant. A good surface finish of 4 x 10‘6 in.) was
nevérthe]ess used in the reduced section to help in differentiating
the crack from polishing or grinding marks. Since longitudinal
strains are measured with a 0.5 in. gauge length, straight gage
sections were employed. To minimize buckling problems, we have
employed a length to diameter ratio of 2.0. We have been able to
reach strains of 0.02 in/in without buckling. The secimen with
straight gage section helped us in the surface topographical studies
and provided an ample amount of equally strained, bulk material. Al1l
marks from the final polishing were required to be longitudinal,
i.e., paré11e1 to the axis of the specimen, since cracks grow on

planes generally’berpendicu1ar to the axis of the specimen,

2.3 TEST EQUIPMENT

A11 the tests were.conducted on a closed loop, servo controlled

hydraulic MTS testing system of 20 kips capacity. To arrest the
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lateral motion of the hydraulic actuator (ram) during its travel, a
fixture was designed to stiffen the hydraulic actuator against
lateral motion. This fixture is shown in Fig. 10. This ensures
alignment and also minimizes the problem of specimen buckling. This
fixture essentially consists of a sleeve shrunk fit on the actuator,
which slides inside a bronze plated demountabie bushing, which is in
turn fixed in position by a bottom plate secured to the bottom platen
of the MTS machine.

To avoid extraneous bending and to obtain high quality test
results meeting ASTM standards for alignment, special grips were
designed. An assembled view of the grip and the detailed drawings
are shown in Figs. 11 and 12, respectively. The grips were made out
of Carpenter Custom 450 stainless steel of hardness Rc42. The grips
are hydraulically operated, and the piston is designed for a maximum
of 3000 psi of hydraulic pressure. An essential feature of the grips
is that, once the grips themselves are centered and aligned, each
test specimen is then automatically centered and aligned when
gripped. Operation of these grips involves the movement of the
piston upward due to hydraulic pressure applied at the bottom oil
port, forcing the collet to squeeze on the grip ends of the
specimen. This ensures that the specimen end surfaces are held
evenly by the collet. The collet ends were smoothed and given a
small radius to avoid any fretting problems. Releasing the grips is

also by hydraulic pressure, the piston being made to move downward by
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0il pressure applied from the top port. Proper sealant (o-rings)

were used in the grips to preserve oil and to avoid any leakage.
These grips are found to be effective in testing smooth

specimens with circular ends. Although these grips are intended for

0.5 in. diameter specimen ends, compatible collets with different

inside diameters are available for testing different specimens.

Several advantages of this gripping arrangement are as follows:

1. specimen alignment and centering are automatic

2. there is no backlash in the grip,

3. total mounting time is less, and

4. it can be used for other tests, such as tension testing, etc.

2.4 MOUNTING THE SPECIMEN AND ALIGNMENT

Alignment and centering of the grip is chéckéd as follows: With
the heaq of the hydraulic ram retracted, a specimen is gripped in the
top grip. A dial gage indicator of high resolution (0.0001 in.) is
mounted on the bottom grip, such that the dial gage stylus is in
contact with the test section of the specimen.. By moving the ram
upward and downward, the parallelism of the test §ection with the
grip axis is checked, specifically by noting any deflection on Ehé
dial gage. If the gage deflection is greater than 0.0005 in. over
the test section, then the parallelism is not satfsfactory. To
obtain good parallelism, circular bevelled shims which give proper
tilt, are to be provided beneath the bearing area of the top grip.

The concentricity of the specimen axis with respect to the grip




e

19

axis is checked by rotating the ram 360° and noting the maximum and
minimum of the readings on the dial gage. It should be noticed fhat
the maximum‘and minimum occur at opposite eﬁds of the specimen
diameter. The offset, which is half the difference between the
readings, is then adjusted by loosening the locking nut on top of the
crosshead and moving gently in the direction where correction is
required.

This initial alignment procedure'is absolutely necessary to
avoid bending strains and specimen buckling. A further check is made
using a specimen with 6 strain gages mounted on it, 3 gages 120°
apart on top of the test section, and 3 on bottom of the test
section. First, this specimen is held in the top grip and the strain
readings adjusted to zero. After gripping the lower end, the strain
readihgs of all six gages are noted. The difference between he
readings before and after gripping for the same strain gauge should
not exceed 40x10~9 in/in. which corresponds to the maximum bending
strain. Otherwise, the initial alignment procedure is to be repeated
and checked again. |

Next, the specimen is cycled at a low stress level, and plots of

strain versus load for each of the gages are then obtained. If the

‘slopes on the plots do not differ more than 2%, then alignment is

considered satisfactory, and the system is ready for testing.
Alignment checks are not considered necessary for individual

specimens, further checks being done only at infrequent intervals.
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2.5 TEST PROCEDURES AND METHODS

Constant amplitude controlled strain tests were carried out in
the present study. Although the closed-Toop hydraulic testing
machine is capable of frequencies upto 100 Hz, the recording
equipment, the dynamic characteristics of the clip gage, and heat
generation in the sample limits the actual testing frequency to the
range 0.01 to 5 Hz. Our strain controlled tests were carried out at

a.cyclic frequency given by an ampirical relation [41]
f = spa/0.0008 ' - (9)

where f is the frequency and Epa is the stable plastic strain
amplitude estimated prior to the test.

Note that use of the above implies a constant average plastic
strain rate in a cycle. Thus, at higher strain levels, where the
life of the specimen is less than 103 cycles, a frequency of 0.0l to
0.5 Hz is employed, and up to 5 Hz is used for greater lives
corresponding to low strain levels. At low strain amplitudes where
the 1ife is expected to exceed 10° cycles, the tests are usually
carried out in stress control, which allows a higher cyclic frequency
up to about 20 Hz. This modest change in frequency above 5 Hz is not
expected to affect the behavior. Since approximately isothermal
conditions are maintained in the normal room temperature testing, and
since no other significant effect of frequency on 1ife is known to

exist in this material at room temperature, the effect of frequency
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on the life is not included in the study.

Since it is desired to follow crack growth with a large degree
of plastic strain, two pairs of identical tests are conducted. The
first of these involves controlling the grip deflection using a
longer clip gage mounted across the grip ends along with a smaller
clip gage mounted on the test section. This is shown in Fig. 13.
Use of this pair of gages provides a correlation between the tést
settion strain nd grip deflection. Such a correlation is shdwn in
Fig. 14 along with a schematic diagram of strain measuréments. In
particular, there is a correlation between the test section plastic
straiq range,»Aspz, and the plastic strain range on the grip
ends, Aepl. It is observed from the plot of Aepl versus Aep2 that
the relation between the two strain ranges is almost linear (on a -
1og;1og plot) at higher levels and nonlinear at lower levels. The
p1§sti¢ strain in the test_section is then estimated from the
correlation of Fig. 14, and the elastic strain, known from the
measured stress, is then added to obtain the total strain [13].

The second of these tests has the 1onger clip gauge mounted
across the grip ends, with the smaller clip gage not present, as
shown in Fig. 15. This is done so as to have access for surface
crack measurements. This type of test allows crack growth data to be
obtained under coﬁditions of known large plastic strains.

Cracks are either naturally initiated or are initiated from

artificial defects. The growth behavior is then monitored by surface
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crack measurements using cellulose acefate replicas. In the earliest
expériments,'defects in the specimen were made by drilling a
hemispherical hole of diameter 0.004 to 0.012 in. In one case, the
crack was initiated by creating a region of residual tensile stresses
by piercing the surface of the specimen with the tip of a sharp
needle. ‘Although this is not highly recommended, we tried this as an
expedient. However, the best approach was found to be a small pit
made by electro-discharge machining, EDM. The smallest crack length
that could be observed had to be limited to 0.01 inches, which
includes the size of the artificial flaw, so that the results were
not affected by the proximity of the crack tip to the artificial
flaw.

A dense array of cracks was observed at higher levels of strain
greater than 0.02 in/in. Since the cracks were close to one another,
affecting the stress/strain field and complicating the interpretation
of the data, thevtests were mostly limited to a maximum of 0.015
strain amplitude.

Cellulose acetate rep1ica“tape§ were used to monitor the crack
growth. The replicating tape thickness used was 0.005 in. and
acetone was employed to soften the tape. The tape was wrapped firmly
around the specimen, taking care not:to allow excessive air bubbles
inside the area between the specimen and the tape. The tape was
removed after it dried, so as to obtain the impression of the

surface. Two or three replicas were taken to cover the entire test
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section of the specimen.

A. low power microscope (up to 280X) was fitted to the system as
shown in Fig. 15. This aided in observing the cracks. Since the
crack could start anywhere in the test section, the microscope
mounted from the top grip could be swivelled 360° around the
specimen, enabling detection of cracks on the test section in any
region. |

The replicas thus obtained provided a permanent record of crack
growth and its measurements, and cracks of smaller lengths could be
traced back. Crack lengths and closure measurements were then made
by examining and measuring the replicas under a microscope. Typical
crack length versus cycles data obtained from surface replicas are
shown in Fig. 16. Crack growth rate, da/dn, versus stress intensity
range, AK, as obtained by Dowling [40] on the same material is shown
in Fig. 17. Note that the earlier work of Dowling on this material
did not include closure measurements.

Crack closure measurements are made by measuring the offset of
an inclined scribe line intersecting the crack [42]. This is
illustrated in Fig. 18. A scribe line at an angle to the crack axis
is drawn across the crack at the minumum stress level. As the load
level is increased in the cycle, the crack opens. Thus, there
results an offset between the; 1ines. By measuring this offset, the
crack opening displacement, COD, was computed. Lines drawn at

several points along the crack give rise to COD measurements at
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various points along the crack. In a few cases, when the crack was
very nearly parallel to the scribe line, it sometimes became
necessary to compute COD from enlarged pictures, by diréct

measurement of the width of the crack surfaces.




. CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 EXPERIMENTAL RESULTS

The experiments were conducted to observe the closure behavior
of small cracks. The term small crack in our present study is used
to indicate a crack'which is physically small, but which can bé'
easily observed in detail under a microscope at a magnification pf
'100X. Thus, the short cracks in this context fall in the region of
0.01 to 0.1 inches of crack length.

Constant amplitude controlled deflection was used with a |
comp]ete]y reversed (R=-1.0) sinusoida1 wave form. Tests were
conducted at four different values of test section strain, by
employing four different deflection amplitudes on the grip ends. The
four different strain amplitude levels, €q° chosen for the study are
0.0125, 0.0066, 0.0042, and 0.0024 in/in. These cover conditions
from predominantly elastic to grossly plstic strain. At each of the
strain levels, craék closure measurements were made at 3 or more
different crack lengths. Crack closure measurehents are made by the
of fset technique as described in chapter 2. The COD, crack opening
displacement, was obtained at various points along the cfack
length. A typical observation of the crack at various levels of
stress (strain) in one cycle is shown in Fig. 19.

Figures 20-38 illustrate the variation during a cycle of the

25
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crack opening displacement with the stress and strain at various
points along the crack length. Along wiFh this also is shown the
load versus displacement loop obtained from the longer clip gauge
mounted across the grip ends. Data for both 1oadihg and UnToading
are shown in each case. It is nbtewofthy that here we are measuring
craCk‘opening displacement, at the indiéated positions, since it 1§
difficult to measure the crack tip opening displacement, CTOD. Fig.
39 indicafes typical loading and unloading paths in COD vs stress,
and COD vs. strain plots.

The determination of the crack opening stress level is shown in
Fig. 40. A scatter of $0.05(COD, ) is attached to each of the

points on the 1oad1ngupart of the cycle, where COD. is the largest

X
value in the cycle. A corresponding scatterband is then drawn as
shown in Fig. 40. The crack opening stress level, %op® is then
defined as the stress level where the center of the scatterband

crosses a COD value of zero. Similarly, the crack openihg strain

level, eOp’ is defined as the strain which occurs at the same time
a5 Sop®
A plot of o_ /o versus crack length is shown in Fig. 41 for

op’ “max
the different strain amplitudes chosen for the study. Figure 42

111ustrates.a similar plot of eop/emax versus crack length.

3.2 DISCUSSION OF THE RESULTS -

The work of Elber {20] suggested that the plastic zone left in

the wake of the advancing crack tip causes the crack to be closed
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after unloading even under tension-tension loading. But as observed
from the present study at R=-1.0, i.e., at completely reversed
cycling, no closure could be observed at zero load. The crack closed

only as the lowest stress level, Omins Was approached. However, the

in
crack opening was delayed, but still occurred in the compressve part
of the loading cycle. Thus, there is a significant difference
observed between the C]osure and opening levels of the crack, while
some of the other work in the literature assumes the crack opening
and closure levels to be the same. For the contained plasticity
problem, not invo1v1ng.wake effects, Newman [26] calculates that
cracks are open for approximately 1/4 of the total cycle, i.e., half
of the tensile loading part of the cycle. A similar result was
obtained by Budiansky and Hutchinson [25], who included the plastic
wake effect. In the present study, it is observed that the crack is
open more than 1/2 of the loading portion of the cycle. This drastic

difference in behavior is almost certainly due to the large scale

plasticity involved in the present tests.

3.2.1 AN ESTIMATE AND THE MODEL OF BUDIANSKY AND HUTCHINSON

In the case of small scale yielding, a first order estimate for
crack closure levels can be made. The following is based on
Budiansky and Hutchinson's [25] analysis. Recalling Fig. 3, the
crack tip opening displacement, 84 which is calculated using the
Dugdale strip yield model, corresponding to an applied maximum
load, o

max’ is



- ¢l .
5 = Knax/Eoy B (10)

where cy is the -ideally plstic tensile yield stress, and £ is the
e1astic modulus.

'Thevcorresponding plastic zone size, w, is given by

' o = % ( max)2 (11)

Thus, crack tip opening di$p1acement is given by

2 o v

K 8a, w -

_ max _ ° y

o E_o.y 1 (12)

8

The plastic stretch variation, or the crack opening displacement from

the weight function analysis, is then given by

8§ =8, 9(n) _ | (13)

where
n = x/w
: o _ o 1+ /1 - g
and g(n) = vl-n - n/2 n |———— (14)
. 1 - v'l - n

It should be noted that the above equation is valid only for small
scale yielding. The crack tip displacement variations, upon

unloading to a level K from K then is

max’

& - K?
as = f(aK) = -—Egg—;-—— g(x/w) (15)
. y

This is based on Rice's (7] work where the plastic flow is

proportional, and the plastic strains are in proportion to one
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another.

Similarly, the variation of the plastic zone size, Aw, is

2
(K = K)
Aw=%,(—m'a%o—'—) (16)
y
Defining; = %9 , then
bw _ 1 K 2 |
g ===3(l- ) (17)
w 4 Kmax

The function g(x/sw) similarly takes the form

g(x/tw) = gL = g (n/z),

Mw/w

g(d) = /T =/t - % un 1+v1 - n/e (18)
5 E 1-v1-n/¢

If the crack is assumed to have a residual displacement
of sr appended to its surfaces, then the crack closure can be assumed

to occur at the tip to get a lower bound on (K when

c]os/Kmax)’

§ - 48 - §p = 0 (19)

Normalizing with respect to crack tip opening displacement, 60

& 8 _E. (20)

-4 Ry (21)
60 50
2 2
(K K. ) K
-~ A8 max clos max
T lx=0 = 7 78 g(x/8)] 7 1E =" x=0 . (22)
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Since g(x/Aw)lx=0 =] we get

K
a8 _ 1 clos,2
— =5 (1 -7=) (23)
8 2 Knax .
Equation (13) becomes
K 8
1 clos,?2 R
1-35(1- )Y -—=0 (24)
2 Knax %o o
or -
K §
L8 =121 - Y (25)
max (o}

This closure level is for the crack tip, but first contact qf cracgs
may occur behind the crack tip, as is the case in Budiansky and
Hutchinson's [25] analysis. A similar form of the equation for the
first contact closure level has been shown {25,27] to be

K

Kc]os =1-/1- (%3)2 (26)
max o

During the reloading process, the crack starts opening, and the value
if KOpen when the crack has been fully opened up has been calculated
as for R=0 loading as (25]

E—°Pe—” = 0.557 (27)
max
The above equations have been derived based on the assumptions of
small scale yielding, ideally plastic materials, and plane stress
situations. |
From equations (25) and (26) it is observed thét the K level at

the contact in the crack tip region and at first contaét anywhere are
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different. In their analysis, Budiansky'and Hutchinson showed that
first contact occurs behind the crack tip. Contrary td‘this, it has
been observed that in our study, within:the resolution experimentally
possible, that contact of cracks occurs first at the tip, in
agreement with the analysis of Newman [26]. [t was also observed in
one case only that the crack front irregularities enabled the crack
to close behind the crack tip in a manner consistent with roughness

induced closure.

3.2.2 MODELS OF NEWMAN AND OF NAKAI

An analytical fatigue crack closure model was developed by
Newman [26] which is based on the Dugdale model, but modified to -
leave plastically deformed materia]lin the wake of the advancing
crack tip. A fatigue crack growth analysis program (FASTRAN)
developed by Newman calculates the crack opening stresses under
simulated plane stress and plahe strain conditions. The model
developed cannot handle general yielding conditions but is quite
representative of small scale yielding conditions. A simulated plane
strain situation is chosen and the results of Newman's analysis are
shown in Fig. 43.

Recently Nakai et.al. (28] extended Budiansky and Hutchinson's
analysis to short cracks growing from notches under smail scale
yielding conditions, and they arrived at an equation for opening the

stress as
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open _ % (—Sﬁ)l/z I/{C L+ R ZR tan-! (§F)1/2

max
Lo 2 el {(-Té_xm)l/z},m 1+ (10 2)dn
e (n-e) - (1) 25 (28)

Aw/w is the reversed plastic zone ratio at K

+
|1
" -

where ¢ min?®

h=¢/w, %, being the crack length, and R is the ratio of the minimum

stress level to the maximum stress level. The term I{/E%F} is a

first order elliptical integral, which is read from mathematical

tables. The reversed plastic zone ratio, ¢ at K has been obtained

min
[27] from Budiansky-Hutchinson's analysis. Such as

1%, n-h (12 1Y an (M2 e aegt”?
SRR 0 U B € LA Al e v P

Solving this equation numerically for ¢ for representative cases
similar to the crack size and plastic zone sizes in our study, the
results are depicted in the crack opening map of Fig. 43. It is to
wbe noted that the above equations are obtained for small scale
yielding and for cracks growing from nothces where closure cannof
occur over the notch.

Along with these results, values obtained from Elber's estimated
empirical relation (equation 2) is also shown in Fig. 43. The
~results from the present study are also indicated in the same fig.

43.
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3.2.3  COMPARISON OF EXPERIMENTAL RESULTS WITH EXISTING MODELS

The effective stress inténsity opening ratio, U, has been found
to increase as the crack length becomes shorter and approaches
unity. When the crack is open throughout the unloading part of the
cycle, closing only at the minumum stress level, the the effective
stress intensity range, defined by

1o KK
8K .. = U oK = (—Slos

eff 1 -R

max) (30)

becomes equal to AK, the overall stress-intensity range. From our
present experimental results, conducted at R=-1 at different strain
levels, it is observed that the crack closes first at the lowest

stress in the cycle, Omin® and remains closed for a part of the

loading cycle till it opens at a value o This can

p (°op > 9nin) -
be seen from the Figures 20-38. If we apply these results to the

equation for crack closure obtained earlier in equation (26) we

observe that

” :
KElQE =1-v1 - CJ&—) . (31)
max 0 '

since GR/ao»l as R-1, and 5R/50*O as R+-», & redasonable choice for
the estimate of sR/so could not be made from our present study, since

closure of the cracks was first observed at Smin’ corresponding to

K " (For R=0 loadings, Budiansky and Hutchﬁnson (25] have

min®

estimated the Sp value as 0.8550).
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Crack c105ure and open1ng stress level ana1ys1s for cracks
subJected to stress beyond the yield stress does not exist in the
literature. Following the elastic, small scale yielding analysis
gives inconsistent results. This is observed in fig. 43 where the
present data is pictured along with the analytical resuits.

Our observation that crack closure occurs only at min? suggests

that aR/so =-1, (from eqn. 25) which is not meaningful. If Sp taken
to be zero then,
1 _‘Kclos
K
bKypp = 8K since U = (-—T—:E%K—) =1 (32)

Thus, for short cracks which are subjected to stfesses beyond yield,
the crack closure level which occurs at Smin® and the crack opening

level, °op’ may both have significant effects on the growth behavior
of the crack. Since the crack tip advances only in the loading part

of the cycle, the crack opening level, °op’ may be relatively more

important. If we define the effective stress intensity as

Kope = U-ak (33)
where, U~ is defined as
- K__/K
. op
- [ —— max (34)

then, we opserve that the increased plastic deformations, the value

of K decreases and approaches the value of R making the value

op/Kmax
of U” to approach unity. From this definition of effective stress
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intensity we observe that for shorter cracks, under large scale
deformations, the value of the effective stress intensity, AKeff, is
significantly different from the earlier definition of the effective
stress intensity.

From our present results it is observed in most of the cases
that the crack opened in the compressive part of the loading cycle.
This revealed the significant difference in the crack closure and
opening levels, and these do not occur at the same stress level as
assumed in some studies.

From the crack opening displacement versus strain plots in
Figures 20-38, it is also noted that the cracks do not open and close
at the same strain levels. Hence, at high stress-strain levels where
significant pTStic strain is involved, the available analysis on

closure/opening of fatigue cracks is insufficient.



CHAPTER 4

GENERAL DISCUSSION

Figure 41 illustrates the crack opening stresses normalized with
respect to the maximum stress, as a function of the crack length at
different strain levels. Since at each strain level, 3 or more crack
length measurements were made, lines are fitted to.the data points
representing each strain level. It is observed that at higher strain
levels, as the crack length increases, this relative opening level
increasee only slightly with the crack 1ength. At Tower strain
1eve1§, the re]aﬁive opening level is higher for any given crack
length and found to increase more with the crack 1ength.

The correspOnding strain level for crack opening, Sop? normal-
ized with respect to the maximum strain level, €max® 25 2 function of
the crack length is shown in Fig. 42 for different levels of strain
amplitude. Here also it is observed that, at higher cyclic strain
Jevels, the crack opens very early in its loading path, and the crack
opening is delayed more for the lower cyclic strain levels. It is to
be noticed that at low strain amplitude cycling, the crack opening
level increases with crack length.

[t is observed that the stress or the strain opening level is
dependent upon the point along the crack length where the observa-
tions are made. The difference can be attributed to the irregular

crack front, the measurement technique, and other microstructural

36
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features. Stress and strain opening.levels in this study are made'
considering points which are relatively near the crack tip, typically
0.004 in. Though it would be desirable to measure the crack opening
displacements right at the crack tip, this is not feasible because of
the limitations of the measuring techniques.

Figure 43 describes the variation of crack opening stress level
as a function of ad. aJ has been calculated without considering
closure effects, but considering plastic strain effects, using the.

formula obtained by Dowling [40]

Ad = (0.714)2a[n A%E + 8.59 AcAep] (35)
where 2a is the crack length, E is the elastic modulus, Ao is the
stress range and Asp is the plastic strain range.

The data shown in Figure 43 do not indicate a clear correlation
of the trends of the behavior with aJ. Thus no significant
interpretations could be made from this figure. A larger number of
tests covering the entire range would be helpful in describing the
behavior with modifications to aJ accounting for closure effects.

It is expected that, for an ideal rigid-plastic material, when
the crack opens‘during the loading part of the cycle, the crack never
closes unless a compressive strain is imposed which exceeds the ten-
sile strain reached. This sets one limit and is shown by the solid

Tine in Fig. 43. For cases where predominately elastic loading is
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applied to the specimen, as is done in the usual fracture specimens
under R > 0 1oadings, there exists a crack opening level, obtained
from different analyses [26,28] as illustrated in Fig. 43. A1l the
garlier analyses on crack closure/opening have been done for the case
of small scale yielding situations.

Extending the same small scale yielding analyses tb R = -1 load-
ing for smooth specimeng, as done in our tests, where there are large
scale deformations, the results seems to be not meaﬁingfq1 enough to .
describe the phenomenon observed.

Thus we observe that the analysis existing in the literature is
Timited to only special cases. We believe that cracks under large
scale yielding conditions behave more similarly to an ideal crack
with no wake effects and with no contact. Figure 45 illustrates the
behavior of real (fatigue) crack behavior under large scale yielding
conditions. Also shown in the figure is the behavior of an ideal
linear elastic crack with no wake effect. As can be observed from
Fig. 45, the closure level is lower than the opening level. Also it
is to be noticed that the ideal crack closes and opens at ¢ = O.

This behdvior ‘of a ideal elastic crack sets one bound, while the
other bound for large sca1e'yie1ding situations is still to be
analytically investigated.

[t is also illustrated in the Fig. 45, in a manner qualitatively
consistent with the present epefimenta] results, how the opening

behavior of a real crack varies from large scale yielding to small
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scale yie]ding conditions. This needs to be investigated and mathe-
matical analysis and modelling done. Such an effort would aid in
bridging the gap between the growth behavior of small microscopic
flaws and that of long cracks.

It 'is observed that in the analysis [25,28] existing in the
literature that the residual displacement, Spo is assumed to be con-
stant. But this may not be so, since the residual displacements near
the tip of the crack may be different from that of the residual dis-
placements behind.the crack tfp. This stems from the akgument that,
because the contact stress may exceed negative yield, the residual
displacements are changed considerably as the crack front grows far
beyond a given point.

Note that under compressive loading, the crack tip starts
closing and the apparent crack tip recedes. This makes the crack tip
singularity, such as of the type /v in elastic analysis, to become
weaker and vanish when the crack is fully closed. Considering the
ideal rigid, perfectly plastic behavior of the materiaT, it may be
assumed thaf the apparent crack tip at any point during the compres-
sive loading starts reéeding 6n1y when the contact stresses ahead,
between the original crack surfaces, exceed the yield stress. Thus,
a residual compressive deformation of the material exists along the
original cracklsurface. Extending the same analogy to cyclic loading
situations, it is believed that these confact stresses between the

crack surfaces resulting in compressive residual deformation are

!
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responsible for the observed 'no closure' effect in large-scale
deformations in' R = -1 loading situations, as in our étudy. Since -
these residual deformations must be overcome during reloading, the
crack opening is delayed and as observed takes place at a stress
level %p > °min®

[t is thus observed that linear residual displacements, as done
in earlier analysis [25,26], holds if the maximum state fulfils small
scale yielding conditions. This is the case if the monotonic plastic
zone is small compared to the crack length. In the case of a real
fatigue crack under large strains; the above analyses fails to |
predict the crack growth behavior accompanied by crack
closure/opening.

Another aspect that is to be noted is the three dimensiona]
nature of fatigue cracks. The 2-D analyses are only ideal and are
‘only appropriate for thin sheets. Since the p1astiC'zoﬁe ahead of
the crack in a plane strain region is small compared to the plane
stress zone, closure of cracks is less significant in plane strain
situations. The crack closure measured by electric potential [38],
ultrasonic [43], or compliance [44] methodé reveal only an average
obtained at the épecimen surface and interior, with stress interac-
tion effects being less significant in the interior. There exists in
the literature [46] data from the measurement of closure behavior of
cracks under pure plane strain conditions. But in that study also,

the remote load level was gradually decreased as the crack propagated
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to maintain the small scale yielding situations.

Other factors to be considered while studying crack
closure/opening analysis are the effects of loading condition and
specimen geometry. Dowling and Begley f14] applied the J-integral to
elastic-plastic and general yield conditions and obtained a good cor-
relation between the crack growth rate and the range of the J-
integral, (ad). The application of this J-integral to fatigue crack
growth studies at High cyclic stresses and §trains at different R
ratios to observe.fhe crack closure/opening phenoﬁenon i§ planned to

be investigated.



. CHAPTER 5

CONCLUSIONS AND SCOPE FOR FURTHER STUDY

The observed closure/opening behavior of cracks reveals the
1imitations of the existing elastic-plastic fracture mechanics
approach to the study of crack growth behavior. There exist no
closed form solutions for the redfstribution of stresses and
displacements in a cracked body under any general elastic-plastic
conditions. Assqmptions made in several ana]yses just simplify the
problem to a very special case of elastic-plastic fracture
mechanics. The use of the Dugdale model is one such approximation.
In this model, the size of the plastic zone ahead of the crack tip is
completely ignored, and so is the elastic field surrounding it. The
model can be applied to thin sheets under plane stress, where only
the entire strip along the crack axis in front of the crack undergoes
plastic deformation. In real crack situations, the Dugdale model
fails to explain the observed behavior in totality, and in general
cannot be extended to all cases.

An energy balance investigation (model) may be a suitable
approach, thereby the plastic dissipative work within the plastic
zone can be fully considered with the bounded elastic zone in a
cyclic hardening or softening material. The early approach by Rice
[7] to problems of fatigue cracks is to use deformation theory of

plasticity, which is difficult to use for nonlinear cases such as
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crack closure and an extending crack, even under small scale yielding

situations.

Thus, the discrepancies observed between the eXperimenta]

observations and the analytical models are because of both mechanics

related factors and material related factors.

The mechanics related factors are:

(1)

(2)
(3)
(4)
(5)
(6)

Re-distribution of stress and displacements in cracked
bodies |

Material deformation behavior

Local closure and contact stress effects

Macroscopic closure due to residual stress and deformation
Anisotropic effects and homogeneity

Three dimensional nature of crack

Some of the material related factors are:

(1)
(2)

Differences in cracking process
Characteristic length comparisons, such as crack length

versus the microstructural dimensions of the material

(3) Transient effects due to grain boundaries, inclusions, grain

to grain non-orientations, etc.

Because of the complexities involved in fatigue crack growth, it

is impossible to single out any one of the factors as a major

controlling parameter. Thus, further research is needed in this area

to critically analyze the most important parameter (material and/or

geometric) related to plastic strains for the closure behavior of
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cracks in fatique.

Further research in this area includes conducting tests at
different R ratios such as -0.5, 0 and 0.7, and examining thé
validity of existing analyses of the closure behavior of cracks in
fatigue. This includes various parameters such as different strain
levels, crack lengths, and different specimen geometries. Tests are
being conducted, and the results are expected to provide a good
understanding of this subject. Also, it is planned to carry out
tests on different grain sizes, to expose the effects of grain size,
thus checking the limitations of the continuum mechanics approach
also.

We are at present conducting tests of 2-D cases on flat
specimens to examine the effects of various parameters on the closure
behavior of cracks. This is expected to bring results leading to
differentiating among the actual mechanism of crack growth and its
closure in fatigue in 2-D and 3-D situations. The variables that are
being included in this study are thg Toad ratio, maximum load,
plastic strain level, and crack growth rate. The data will be
analyzed based on J-integral, and new analysis of the closure of
short cracks will be attempted.

Further work is also aimed at developing a model which describes
the crack tip stresses and displacements, and hence redistributions
of the stresses and displacements, under general elastic-plastic

conditions, which are in turn expected to help in a better
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understanding of the crack growth behavior over all strain ranges

from gross plastic to elastic deformation.
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TABLE 1
CHEMICAL COMPOSITION

AIS| 4340 Steel

Tﬁ ! Cr

Ni c 3 S P Si Mn Mo

1.89 | 0.38 | 0.052| 0.012! 0.29 | 0.77 | 0.21 | 0.83

Heat Treatment:

l.l‘Austenitize at 1560°F, 5 hours to temperature; hold 3 hours; oil
quench.

2. Temper at 1225°F, 4 hours to temperature; hold 8 hours; air cool.
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TABLE 2
MECHANICAL PROPERTIES

Heat No: Ultimate 0.2% yield % Red, Area

61738 114 - 94 ‘ 68

True Fr.
(Ksi) (Ksi) Strength
' 225
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enevelope of all plastic zones

Schematic diayram showing the wake errects
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Figyo 3: Crack tip parateters
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Fiyo. d: Crack surtface aisptacements and stress distributions (20)
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Fig. 8: Strain life curve for AISI 4340 steel (40)
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Fiy. lU: Hydraulic actuator with the stiffener
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Fig. 15: Strain control testing with the clip gauge mounted
across the grip ends.
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Crack opening displacements measured in one complete
cycle

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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where closure observations were made.
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x/2a, Kelative Position

(b) Crack openiny aisplacement during increasing (loaainy)
ang decreasing strain (unluaaing) at aitrerent points along
the crack lenyth. Uirferent stress (strain) levels
correspond €O The GUINts snown in luad displacenient 100y,




CJu, Crack opening displacement, in

CUD, Crack openingy displacement, in
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g
3
x(in) x/2a
{a) lncreasing Strain .
o |0.00506: | 2.0844
a {0.01133 | 0.1888
+ |0.01546 | 0.2577
g +
3 . X 10.0433 | 0.7217
oT X -
'0 © |0.04946 | 0.8243
' + 10.05667 | 0.9445
Q
8
P &
g. + é‘v + o¢
°-|oo.co 0.0 100.030
e g, stress, ksi
3
(D) Decreasiny strain
+
E X
) o)
8
o ¢
_ ¢
= . _
c’-uon.oo pRY '$0.9

4§, stress, ksi

{C) Lrack gpenin, displacament ds 3 Tunction orf stress at
- diTferent points aluny The Irack lenytn durin, incrzasing

- and decreasing strdin.
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Cub, Crack Openinu:uiSplacement, in

LUV, Crack opening displacement, in
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(d) Crack opening aisplacement as a function of strain at
dgirferent points alony the crack lenyth during increasing

and decreasing strain.

’ x(in) | x/2a
. (a). Increasiny sStrain o |0.00506 | 9.0844
g1 a |0.01133 | 0.1888
- + 10.01546 | 0.2577
+
8 X [0.0433 | 0.7217
81 X .
© 10.04946 | 0.8243
ol
. + 10.05667 | 0.9445
il @
: %
x &
B A° .
c’-O.lI)ISOO 0.00000 0.01sC0
. &, strain
g
() Uecreasiny strain
3t
81
. : +
81 X
- oy
g =
il g 6 °
o o 4;
4:;
d.0.0lSOO . 0.'00000 0.0150
£, strain
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=
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=
e |
: : = 2000 1be
= stress strain
-_— (ksi)
1 -63.66 -0.01105
2 -14.14 -0.00925
3 a4.09 | -0.0045
4 56.59 -0.00225
3 ] 5 74.67 0.0057
<,::>' 6 52.77 | 0.01215
7 0.00 0.0096
- 8 -42.44 | -0.00615
l 2 | g | -70.73 | - 0.0025
10 -82.76 - 0.0104
Fig. 24: Crack opening displacements measured in one complete
%§§1eLoad displacement loop as obtained from clip gauge

mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure obsearvations were made.
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0.00100

(a) Increasing Strain.

Cuu, Crack opening displacement, in
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A 3 :\

/ .

He— N

: . 1 .

i S ey F . 1

0.00 0.25 Q.50 Q.7% 1.C3

x/2a, Relative Position

0.000sC

(b) Decreasiny strain

LUy, Crack vpening displacement,

(3]

o n)
—
co 0.25 Q.50 0.7s 1.63

g N 0 .
2. ~ -

x/2a, Relative Position

{b) Crack opening displacement duriny increasing (loadiny)
and decreasiny strain {unloading) at different points alony
the crack lenytn. Uitrerent stress (strain) levels
correspond to the points shown in 1o0aa aispidcenent loop.




CUD, Crack openiny displacement, in

LU, Crack opening displacement, in
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8
g
x(in) | x/2a
- (a) Increasing Strain ! N
‘! o | 0.0025 | 0.0694
a’| 0.0062 | 0.1889
+ | 0.0246 | 0.6833
S“ ' X 1 0.0288 | 0.8

X b+

V2
I -
O-IOD.OO - ag.c 100.00
- g, stress, Kksi
g
o
(D) Lecreasiny strain
Y
§ e
st
+ X
A
& » O
% S
o
o'_ S = g +=

a
o
(8]
o

-C 1c8.3

J, stress, Kksi

{c) Crack vpening Qisyldacement as a runction of siress 3t
dirferent points aluny the crack lenyth auriny incradsing
and decreasing strain, ‘



Cut, Crack opening displacement,

Luu, Crack openinyg displacenent, in
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8 L}
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x(in) | x/2a
(a) Increasiny Strain -
o | 0.0025 | 0.06%94
a 'l 0.0062 | 0.1889
+ | 0.0246 | 0.6833
o .
g + x| 0.0288 | 0.8
~ T
° A
+ &
A
& O
g R”
- . |
c,-CI.[IISE}O hd ©.05000 0.015C0
§ &, strain
(b) Decreasiny strain
+
A
o A + é
& X
% B
O
Q..O,OlSOO -~ O.TCGCOO 0.01%9
E«a strain
(a) Crack opening aisplacement as a function of strain at

gifrerent points alony the crack lenyth during increasing

and

decreasiny strain,
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Plieiites eonieyumnst Sevghetnd
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=-42.44 -0.0105
-14.14 | -0.0071

63.37 -0.0046

81.06 0.0081

49.57 0.01125

-11.88 0.0085

-44.56 0.00545

-71.58 -0.00490

VoSNl

-81.34 -0.0115

Fig. 25: Craﬁk opening displacements measured in one complete
cycle
(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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(a) Increasiny Strain
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x/2a, Relative Position

(D) Crack opening displacement during i i i

C ' . Yy Increasinyg (loadin
and gecreasiny strain (unloading) at aifferent pgints aloﬁg
the crack length. Djfferent stress (strain) levels
correspond to the points snown in |oad displacement loop.




CUU, Crack openiny displacement, in

Lul, Crack opening displacement, in
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0.0005(

- _ x(in) x/2a
- (a) Increasiny Strain +
% o | 0.00133| 0.0523
a | 0.0036€| 0.1444
+ | 0.00606| 0.2386
g a x | 0.02133] o0.8398
i X ¢ | 0.02406| 0.9472
+ O )
+
S
o)
oy
: . &

e -
-100.00 -$0.CC g.G2 $0.CC. 100.C0O

T, stress, ksi

8
(b) Decreasiny strain
+
X
+
@ + X
il -
X A
A O
. ® °
(0]

M Ve

S 00.c0 -50.00 0.00 s0.0¢ 160.2
g, stress, Kksi

tc) Crack opening aisplacement as a tunctiun of stress at
difrterent points along Che crack lengtn guring increasing

and decreasing strain.



LUU, Crack openiny .displacement, in

LJu, track openinyg displacement, in
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0.0005'

S i i
“(a) Increasing Strain , x(in) x/2a
‘ : < o | 0.00133} 0.0523
a | 0.0036€ | 0.1444
+ | 0.00606) 0.2386
¢ & x | 0.02133 0.8398
° o ¢ | 0.02406 | 0.9472 |
% - O
+
)
O
i o O
%0.01500 0.00n00 0.015%0
- £, strain
8
(D) vecreasiny strain
+
X
+
: TXoa
X A
" A S
' Q)
X
3]
-0.01500 0.cgoco lalial A-1e)
g-y strain

(d) Crack openiny gisplacement as a function of strain at
ditferent points aluony the-crack lenyth cur1ng increasiny

and decreasing strain..
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it S '215255“- stress Strain
i SR E (ksi)
: 8 Rl b
i . 1 -50.36 -0-006
2000 Idbs
’ 2 0.00 -0.0043
3 -42.58. 0.0014
8 4 68.33 0.0038
| 5 42.44 0.006
_— T
6 -17.40 0.0032
— 7 -53.90 | =-0.0009
| 2a l 8 -71.02 -0.0050
Fig. 26: Crack opening displacements measured in one complete
cycle ‘ ' :
(a) Load displacement loop as obtained from clip gauge

mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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(a) Increasing Strain

0.00025

Cuu, Crack opening displacement, in

ftl\m fan) o~ 1 o~ \ ‘r \.'.
-00 0.25 0.50 K ‘.G -
x/za, Relative Position :

0.00000

0.000S

- (b) Decreasing strain

Cub, Crack cpening displacement, in

g N N }/ ‘8 < . N N
%0 o028 0.50 0.75 1.0
x/2a, Kelative Position

~(b) Crack opening displacement auriny increasiny (loading)
and decreasing strain (unioadiny) at dirferent points alony
the crack lengytn., Diffterent stress (strain) levels

corresponu’ tO the points snown in load displacement loop.




CUD, Crack openiny displacement, in

CUl, Crack openiny displacement, in

0.000S
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x(in) x/2a
{a) Increasiny Strain . -
X o .0.0016 | 0.0272.
& —
o s ' 0.00746| 0.1271
_g + | 0.01546 | 0.2635
g A 5 x |0.02106 | 0.3590
& o | 0.0273 | 0.6357
X + | 0.04413| 0.7521
% | 0.05093| 0.8680
x
_ &
|
«100.00 -$0.00 a.00 $0.00 100.00
g T, stress, ksi
{b) Decreasing strain
R
R +
P
il ., & o
: § X
i .
s Nz + ac *
-100.00 -50.00 Q.co s0.00 160.0

@, stress, ksi

(;) Crack OHening displacement as a function of stress at
dirrerent points alony the crack lenyth during increasing

and decredsinyg strain.
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Cu), Crack opening displacement,

. 100

© 0.000S0-

CUV, Crack ‘openiny displacement, in.

~(a) Increasiny strain x(ln)l x/2a
' -8 o . 0.0016 | 0.0272.
A T
(i) a 0.00746} 0.1271
% + | 0.01546 | 0.2635.
2 X - .
§ < x {0.02106 | 0.3590
e o | 0.0273 | 0.6357
X + | 0.04413 | 0.7521
| % |0.05093{ 0.8680
W | .
&
g
2 = . -
Q-O-Ol ‘ 0.00 0.2
“ &, strain
g
(b) Decreasiny strain
R
%
2 =
g o
i o .
?%5 &
i e
a ¢ = _
-3.01 0.00 Q.01
&, strain

(d) Crack openin, daisplacemept as a tunction of strain at
airferent points alony the crack 'lenytn during increasing
ana decreasiny strain,
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::H::::fffiﬁ%f::x:: Stress Strain
BESCELEN ESSEEEEES FECES (ksd)
1 BRI I

-41.59 | -0.0058

- 0.28 -0.004

44.13 -0.0011

1
2
3
| 4 66.33 0.0037
.<L_§' 5 54.06 | 0.0061
. : 6
17

-27.30 0.00246

-54.60 -0.00052

8 -74.27 | -0.005

Fig. 27: Crack opening displacements measured in one complete
cycle
(a) Load displacement’ loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
‘where closure observations were made.



Cuv, Crack Opening displacement, in

tUb, Crack openiny displacement, in
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0.000S

(a)‘Increasing strafin

0.0002S

©0.00000

.00 . 0.25 0.50 : nas | oo
x/2a, Relative Position

0.000s

(b) Vecreasing strain

0.00025

cf:.oo 0.25 ‘ 0.50 0.73 1.69
© x/2a, Relative Position

(b} Crack openiny aisplacement duriny increasing (loadiny)
anda decreasing strain (unloading) at different points alony
the crack lenytn. {Different stress (strain) levels ’
correspond to the points shown in loag displacement loop.




Cub, Crack openinyg displacement, 1n

Cuu, Crack openiny displdcement, in
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. 0.00025

0.00000

: x(in) x/2a
-(a) Increasiny Strain (
o | 0.0045 | 0.1384
a | 0.0087 | 0.2673
+ | 0.0234 | 0.72
+
g X x | 0.0262 | 0.806
i X a —
) o o o | 0.02935| 0.9015
O
O
x 8
é§ O
_m ,
-100.c0 -$0.co 0.00 $0.00 1C0.C9
G, stress, ksi
(b) Decreasinyg strain
X
&
A O]
+ 3
X
A @
+ V2
[ o
£0.00 _C -$0.00 ;(;I SDI.CO 163.00

(c)

g, stress, ksi

Crack openiny displacement as a t
ditferent points alon
and decreasing strain

unction of stress at

g the crack length auriny increasinyg



CUu, Crack openiny displacement, in

Cun, Crack opening displacement, in
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different points alony the crack
and decreasiny strain.

lenyth

S . x(in) x/2a
(a) Increasiny Strain
o | 0.0045 0.1384
a | 0.0087 0.2673
+ | 0.0238 | 0.72
2 %
3 w x | 0.0262 0.806
a'J7 23 A .
o o o 0.02935_ 0.9015
O
O
-
é} &
o
© a.00750 0.63cC0 0.c07c0
g £, strain
(b) Lecreasiny strain
a O
+ 3
X
A )
+ a <
g, C
";;j,omso > o.;c:co 0.Ca7s
€, strain
(a) Crack opening displacement as a tunction of strain at

auriny increasing




105

Yv= 0.0066 S
617-S. N110OF BRI P BTt Rt et
2a= 0.027 in _zf== e

bl upuipmeiuiuiiai St inpding syinvtinginpuiniing epiub gt

- —— -
- o= sums smmme o

pen v * -y
. croeme oo m—y
Qi

L
2000 Ibe
Stress | Strain
(ksi)
1 -29.42 -0.0052
F 2 26.59 -0.0027
I 3 58.71 0.0QQ9
«::T’L-——‘T:=»
l 4 69.03 . 0.0036
| — 5 55.17 | 0.006
2a 6 17.83 0.0032
7 -72.85 -Q.0047
Fig. 28: gra?k opening displacements measured in one complete
ycle

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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0.0002C

(@) . Increasing Strain

Cuv, Crack. opening displacement, in

\NZ 1 N
e R . —
0.00 0.25 0.50 a.7s 1.00

x/2a, Relative Position
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- (D) vecreasing strain
oy
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3
. m 5
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a
[
(-
3 g
2
. B 8 ! 1 47 1] 1 U
°' 1 1 M v 1 + 1
¢.00 0.2 0.50 0.7% t.00

x/2a., Relative Position v |
(p) Crack opening displacement auring.{qcreasiny'(Ioaaing)
and decreasiny strain (unloading) at different points alony
the c¢rack lenytn. Different stress (strgin) levels
correspond to the points shown in lvaa displdcement 100p.




Cub, Crack opening displacement, in

Cuu, Crack openiny displacement, in

0.0002
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0.00010

0.0002 , 0.00000

0.00000

. ' | x(in) x/2a
(a) Increasiny Strain 3
| o |0.002 | 0.0278
+2 | =~ |o0.0051 | 0.1834
K + | 0.0072 | 0.2589
o Al
EE | x | 0.0213 0.7661
O o | 0.0238 | 0.8581
+ 1
+ | 0.0261 0.9382 ]
&
+
108.00 -S'O.CO - 0.00 50.00 160.23
@, stress, ksi

(b) Uecreasing straid

+

+ A

X

& >

P )

AP

@
-1C0.C0 - .s‘o.oo ) o.::o s;.co 100.00

g, stress, ksi

(c) Crack openiny displacement as a function of stress 4t
 difrerent points alouny the crack lenyth during incredsing

and decreasiny strain.



Cuw, Crack opening displacement, in

CUD, Crack openiny displacement, in
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g
(a) Increasing strain % x(in) x/?a
| o | 0.002 0.0278
+ z ‘ s~ | 0.0051 | 0.1834
i l + | 0.0072 0.2589
: Q | x | 0.0213 | 0.7661
°1 O
' e o | 0.0238 | 0.8581
| * | o0.0261 | 0.9382 |
é
g S
. = , !
©0.00750 - 0.00000 0.c0750
(b) vecreasing strain
+
+ A
] s %
° o)
3 S
&?
Socoma 0.90000 0.00753

€, Strain

(a) Crack openiny aisplacement as a function of strain at
aitrerent points alony the crack lenyth auriny 1ncreas1n3

and decreasing strain.,
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Stress strain
(ksi)

-50.36 ~0.0086

0.00 -0.0043

+42.58 0.0014

68.33 0.0038

42.44 0.006

-17.40 0.0032

-53.90 -0.0009

2a 8 -71.02 -0.0050

Fig. 29:

Cra?k opening displacements measured in one complete
cycle

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)

 where closure observations were made.
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0.000s

(a) Increasing Strain

Cdb, Crack opening displacement, in
0.00025

.

.00 °© 0.28 0.50 0.75 1.00
x/2a, Relative Position

7]

©9.00000

0.000S

(b) UVecreasing strain

0.00025

CUU, Crack openiny displacement, in

©0.€0000

-0a ' a.2s 0.50 o'.7s ' 1o
x/2a, Aefative Positiun

(b) Crack openiny displacement during increasiny (loadiny)
and decreasinyg strain (unloading) at ditferent points alony
the crack lenyth. Different stress (strain) levels
correspond to the points shown in 1oad displacement loop.




Cuv, Crack openiny displacement, in

LUy, Crack opening displacement, 1in
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§
° in) | x/2a
(&) Increasinyg >train X ) -
o | 0.0037 | 0.1491
a | 0.0062 | 0.2742
+ | 0.0183 | 0.7379
§L + x | 0.0206 | 0.8306
8. | O
+
A X
& 3
| AR
~100.00 -$0.00 0.00 $0.00 100.59
- ¢, stress, Ksi
8
(D) Uecreasiny strain
1 A
+
+
+ Q
a  Q
o.-l(JEI.OO = —r-;0.00 O.A'm 5(‘;.00 100.C0 -

0, stress, ksi

(¢) Crack openiny displacement as a function of stress at
different points alony the crack lenyth duriny increasing

and decreasinyg strain,



CUV, Crack openiny displacement, in

Lub, Crack openiny displacement, in
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, 0.00000
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(a) Increasing Strain

o+

X b

x(in) x/2a
0.0037 | 0.1491 |
0.0062 | 0.2742
0.0183 | 0.7379
0.0206 | 0.8306

N
2 Q
i .
L2 *
0.01 0.00 Q.Q1
£, strain
(b) Uecreasiny strain
H
i A
+ .
+
+ R
125 B—
Q.01 0.00 0.01
8) Strain

(d) Crack openiny aisplacement as a function of strain at
aifferent points alony the crack lenytn during increasing

and decreasing strain.
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Fig. 30:
cycle

(a) Load displacement loop
mounted across the grip ends
(corresponding stress and strain

Crack opening dis

placements measured in one complete

as obtained from clip gauge

and the points

where closure observations were made.

levels shown in table)
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CUb, Crack openiny displacement,

Cub, Crack opening displacement, in

0.0002S

0.0002 Po.ooooo

0.00010

©0.00000

(p)

and aecreasing strain (unloadiny) at different points alony

the crack lenyth,
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(a) Increasiny Strain

x/2a, Relative Position

Ny N7 1 N \"\

(b) Uecreasiny strain

5 ¢
6
- +
+
7 A
Vo n Ui o SN 8 + r"\\\"\
Nt A Al o
.00 0.28 - 0.s0 0.7 1

x/2a, Relative Position

.30

Crack openiny disulacement during. increasiny (loadiny)

Different stress (strain) levels

correspond to the points shown in loaa displacement loop.




Cub, Crack openiny displacement, in

LUy, Crack opening displacement, in
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x(i x/2
(a) Ihcreasiny Strain (in) /2a

o | 0.0017 | 0.0955

a | 0.0032 | 0.1797

+ | 0.0152 | 0.8539

0.0171 } 0.9%5
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g O
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(b) Uecreasinyg strain
+
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Q
g
2T + X
X
O
Q)
§ &
L : :
< 1c0.00 -50.00 0.00 50.00 163.20

§, Stress, ksi

(c) Crack openiny displacement as a function of stress at
different points alony the crack lenyth auring increasiny
and decreasiny strain.



Cub, Crack openiny displacement, in

in

CUD, Crack openiny displacement,
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- :0.000S

' . e x(in) x/2a
(a) Increasiny Strain :
o | 0.0017 | 0.0955
a | 0.0032 | 0.1797
+ | 0.0152 | 0.8539
gl | x| 0.0171 | 0.955
° A
+
A R
& X
&8 0
g f— —
-0.007%) 0.00000 0.00750
§ &, strain
(D) Décréasing strain
il
.y
A O
S; X
O
g o W &1
o et SN
-0.00750 0.00000 0.807s
&, strain

(d) Crack opening aisplacement as a function of strain at
different points alony the crack lenyth during increasing

ana decreasiny strain.
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o= 0.0066 e
617-5. N11OOR I ST et I
2a= 0.015 in -=F—=xi| = =

sperer==1|- e Y—/—/—
e SRS P tts et o ] S -'"*F:\;zda——-—

o @ e o w——
n

mdy c—————
L cn cmmameeto e

e S LSRR Stress strain
Serrel = Lol (ksi)
: .8 L.
et e 1 =29.42 -0.0052
2000 1bs
2 25.74 -0.0027
3 58.71 0.0009
§ 4 69.03 0.0036
5 55.17 0.006
_  —— 6 17.83 | 0.0032
l , 7 -22.35 0.0027
| 22 | 8 -72.99 -0.0047
Fig. 31: Crack opening displacements measured in one complete
cycle ~

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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(@) Increasinyg Strain

Ny

Cu, Crack opening displacement, in

.00 Q.25 0.50 0.7s 1.00
x/2a, Relative Position

0.0002 o0.00000

(b) Decreasiny strain

Clb, Crack opening displatement, in

/A . 7 —A
g Fon 2 - - 8 N -~
o ~— N S
g.c0 0.25 0.s0 0.7s 1.C0

x/Z2a, Relative Position

(p) Crack openiny displacement during increasiny ( loading)
ana decreasiny strain (unloading) at different goints alony
the crack length. Uifferent strass (strain) levels
correspond to .the points snown in load displacement loop.




0.0002C

Cu, Crack opening displacement, in

Cun, Crack openiny displacement, in
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0.00000

0.0002

0.00000

. : x(in)-r x/2a
(a) Increasinyg sStrain -
) 0.0012 } 0.0784
6 a 0.0027 | 0.1764
X + | o0.0138 | 0.9019
Fo
x 0.0146 | 0.9477
OX
-100.00 -;0.00 ™ 0.00 SC;.CO 10G.CI
G, stress, ksi
(b) Decreasing strain
C
+
X
A a
o
& X
-100.00 = -S:.OO :20 50'.00 1Cs.20

o, stress, ksi

(;)' Crack openinyg displacement as a function ot stress at
ditrerent points alony the crack lenytn during increasing
and decreasing strain.



CUU, Crack openiny displacement, in

in

CUu, Crack opening displacement
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x(in) ! x/2a

0.0012 | 0.0784

0.0027 | 0.1764

0.0138 | 0.9019

0.0146 | 0.9477

g
© ;
(a) Increasiny Strain
o
5
X +
o iy
3 X
gl o X
-0.007S0 6 0.00200 0.C37s3
o strain
§ ’
o —_—
(b) Decreasiny strain
Q)
+
X
A A
o O
8.
o
AX
: & .
-3.C07s0 0.cocco 0.0075:

£, strain

(d) Crack opening aisplacement as a function of strain at
dirferent points alony tne crack lenyth during increasing

and decredsing strain.
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i i g ol FESER bt e i Stress strain
G T ) (ksi)
]I e e Rt s 1 -49.37 | -0.00364
I : :l:E.. ...'.].'
HE L $ 2 -20.23 -0.0027
t - £
g 3 | -13.58 | -0.0013
K00 e
4 34.23 | -0.0018
5 5 64.08 0.00264
: , 6 44.84 0.0032
<==Zif::::I:==~ 7 11.17 0.0020
, | . 8 -23.77 0.00042
2a 9 -46.82 -0.0010
| |
10 -63.80 | -0.00266

Crack opening displacements measured in orne complete

?Zg]eLoad displacement loop as obtained from clip gauge

i he points
ted across the grip ends aqd t .
ng:responding stress and strain levels shown in table)

where closure observations were made.

Fig. 32:



in

Cub, Crack openiny displacement,

Fls i
A\
\;-Hf

CUD, Crack opening displacement, in

Xk >
\\
] N\
1 4
/

o
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0.0002

(a) Increasing Strain

0.00010

.00 0.25 Q.50 0.78 1.00

x/2a, Relative Position

0.0002

(b) Uecreasing strain

0.00010

.00 0.25 0.50 0.7 1.20

x/Z2a, Relative rosition

(b) Crack opening aisplacement duriny increasinyg (loadiny)
and decreasiny strain (unloading) at aitrerent points alony
the crack lenytn. Ditterent stress (strain) levels
carrespond to the points shown in loaa aisplacement loop.




CUU, Crack openiny displacement, in

(YD, Crack openiny displacement, in
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%
o 1 .
(a) Increasiny strain { x(in) x/2a
"o | 0.0013 0.0448 {
A 0.00667 | 0.2306
+ | 0.0236 0.8138
2 | x | 0.02667] 0.9196
Q'T" A A i
+ 7o
A o 0O
+ X
a o X
2 X
g <) , |
o’—lOO.CO «50.00 g.00 sC.00 1€3.C0
o 0, stress, ksi
3
(D) Uecreasing strain
A
+
f £
" Q i
n %
+
X
A6 O
: v .
c‘ ~t
-100.C0 -50.00 0.00 50.C2 10Q.CO

4, stress, ksi

(;)_ Crack openiny displacement as a function of stress at
gifferent points alony the crack lenyth during increasing

and decreasing strain.
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Cup, Crack openiny displacement,

CUD, Crack openiny displacement, in
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g
i ' : (in x/2a
(a) Increasiny Strain x(in) /
| o | 0.0013 | 0.0448
]
& a | 0.00667( 0.2306
+ | 0.0236 0.8138
§ X | 0,02667| 0.9196
A
° A
e ® |
A OO
+ X
a0 =
8 X
N # |
.a.20500 090500 £.cescn
~ €, strain
§' “
(b) Decreasiny strain
A
+
: .
& R
" &
+
X
£ & ©
: x
s < , Q
-0.00S00 0.0CCa0 0.0Cs
£, strain

(@) Crack openiny displacement as a function of strain at
ditrrerent points aluny the crack lenyth durinyg increasiny
and gecreasing strain.
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b = 0.0042

617-1.,NSS00F

2a= 0.0429 in

........

0.00y /i

........ ——
— (ksi)

i ) 1 | -49.37 | -0.00364
- 2 | -20.23 | -0.0027
3 | -13.58 | -0.0013

4 34.23 | -0.0018

-f 5 64.08 | 0.00264
-t 6 44.84 | 0.0032
I 7 11.17 | 0.0020

- 8 -23.77 0.00042
2 ] 9 | -46.82 | -0.0010

10 | -63.80 | -0.00266

Fiy. 33:

Crack opening displacements measured in one cor
(a) Loaa aisplacement loop as obtained from ¢
mounted across the grip endas and the points
stress and strain levels shown in table

opservations were nade.

nplete cycle .
Fip gauge
{corresponaing

) wnere closure




Cl, Crack openiny displacement,

LU, Crack opening displacement, in
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°
8
° (a) Increasiny Strain
2
8]
=]
4
T 3.
_}Z{-:E___z_.-—" : = G ~.
%.00 0.28 0.50 0.7 1.00
5 x/2a, Relative Position
o
(b) Decreasing strain
g 6
[=]
7
ME
7 B+ e
LA NN
\‘}/—',/: ~ 9 A \." \Q
Ly o ; AN N'
Ko 10 X '
8| K ~F e—s
I : . <
Daa 0.2s a.50 0.75 o0

x/Z2a, Kelative Pusitiun

{b) Crack openiny displacement during increasing (loading)
and decreasing strain (unloadginy) at dirferent Q0ints alony
the crack lenyth. Dirterent stress (strain) levels
correspona to tne points snown in load aisplacement toop .
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CJl, Crack openiny displacement,

Cuv, Crack openiny displacement, in
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8
(a) Increasiny Strain x(in) x/2a
o o | 0.0024 | 0.053
X s | 0.008 | 0.0889
* + | 0.0056 | 0.1244
o e
g x | 0.00746] 0.1657
"t A o | 0.0117 | 0.26
Z
& + | 0.03 0.6667
20 x | 0.0362 | 0.8044
- oo
& 2 2z O | Z |0.0424 | 0.9424
: ¥ & &
. 7.
°-IC!O.OO -ST)-.OO Q.00 $0.00 1.C2
o o°, stress, Ksi
8
(0) Decreasing strain
. O
g
s] %
‘F
03 x
4 < A
¢ = 3
5 7 = Eﬁ
3 E O
o.-IO0.00 = -5;-.’00 —OZO SO'.CD 10a.:20

T, stress, ksi

(;) Crack openiny displacement as a function of stress at
ditferent points alony tne crack lenyth during increasing

ana decreasinyg strain.



Cuv, Crack openiny displacement, in

CuV, Crack vpening displacement, in
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&
8
: (a) Increasing Strain x(in) x/2a
o o | 0.0024 | 0.053
X a | 0.004 | 0.0889
* + | 0.0056 | 0.1244
3 R '
g1 x |.0.00746| 0.1657
a o | 0.0117 | 0.26
4 + | 0.03 0.6667
X © % | 0.0362 | 0.8044
o i"_?".“ r
® 2 T Z | 0.0424 | 0.9424
L 26 ¢
: z ,
“o.uosco 0 .99¢00  o0.czzzo
- €, strain
8 -
(D) Uecreasiny strain
. o
8l
®
@
O R
+ X a
+
o O g & 5
8 = E O |
8 = o
[=] ~ N~ i
-3.00SCO 0.0co0c0 0.00sa
"€, strain

(a) Crack openiny aisplacement as a function of strain at
dirrerent points dlony the crack lenyth during increasing
and decreasiny strain.
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e = 0.0042
617-1. N4SQO!
2a= 0.0240 in

5 Stress Strain
o b (ksi)
120 e
1 -47.67 -0.00364
3 2 -15.56 | -0.00242

w

’ 14.99 -0.0012
‘=::—?—_—_~::=” a 39.61 | 0.00021
——r 5 - 2.82 0.00013

2a ! 6 -29.42 0.00018
7 -63.09 -0.0025
Fiy. 34: Crack opening displacements weasured in one complete cyctle

(@) Loaa aisplacement 1oup as 00Calned from Clip jauye
ifuunted dCross the grip endas ana the points (correSpondin,
stress ana strain levels snown in taole) whera clusure
observations were wade.
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0.0002

0.02010

CuD, Crack openiny displacement, in

Cup, Crack upening displacenent,

oD .6C000

&0.00C00

(a) Increasing sStrain

\

\,

NZV‘\ 1 '
ﬁ\

<

.00 0.2% 0.so Q.7s 1.23

x/2a, Relative Position

a.
—_—

(b) Uecreasiny strain 1
|
!
|

5
v
: |
N
] l‘
s ~ |
A% 7 l
~ f
e s —
.co 0.28 Q.50 0.7% 1.3

x/2a. Relative Position

(b) Crack opening displacement during increasing (loadiny)
ana decreasiny strain {unloadiny) at airferent points alony
the crack lenyth. Uifferent stress (strain) levels
correspond to the points shown in loaa displacement loop.
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0.00009

G, stress, ksi

+

(b) Uecreasiny strain

=

»

s

<

@

3]

b

2

(72

g

-]

-

<
-

<

g + O
1S)
s}

rU X

[
) A

)
= X O
b= !
T
1 S + t
< i00.00 -50.00 0.00 53.00

T, stress, Ksi

c
() Crack opening ais
aifferent points alony

and decreasiny

strain.

163.20

g
i 2

= (@) Increasing Strain x(in) x/2a
g o | 0.00173 0.0715
[ =
% & | 0.00406| 0.1678
5
E * + 1 0,00986 | 0.2421
(7,
:5 g X 10.0233 | 0.9628
<D O-" x
o
= . .
2 A
S X X o
S
e A
S 4 o
= ¢ @
3

: o |

QLIUD.UO -50.00 0.C3 £G.C0 1e2.cc

placement as a function of strain at
the crack lenyth during increasing
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g
= (@) Increasiny Strain x(in) x/2a
o o | 0.00173]| 0.0715
Q
g a 10.00406 | 0.1678
= +
£ + | 0.00586 | 0.2421
S g
> 8] N X | 0.0233 | 0.9628
g °
<
S -*X_ oA
x O
[i=)
5 B
. +
2. x °
0 '
o—O .ousco 0.00000 0.00S00
§ £, strain
c (b) Decreasinyg strain +
‘-’ﬂ
S
3
- P
B
5
21
b= + O
o3 ]
&
x X
A A
[
. X O
2
3 g i
°-O .00so0 =~ 0.0CCo 0.0C53C
€, Strain

(#)_ Crack openiny displacement as a function of stress at
diftferent points alony the crack lenyth duriny increasing

and decreasiny strain,
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0.0042 -
617-1. N35¢
2a= 0.016 in

R S

' .N'-‘.!._.; .

povigd e IS Bl it
& s el e R R ew—_
T g e — e ==
s 2 ol gt ot iy o e
e Doy v o s bl i -t
e e - :
-:1LE- e Stress Strain
o i .o (ksi)
-—' -~ "
re 8 1 -46.54 | -0.00356
Q
2000 ibs 2 -14.28 | -0.00239
3 16.97 | -0.00106
4 41.16 0.00032
5 60.97 0.00264
)
. 6 40.31 0.00296
7 4.10 0.00126
—_— 1 2
8 -27.72 0.00016
- 9 -48.24 | -0.0013
l 2 i 10 | -61.82 | -0.00410

Fig. 35:

Crack opening displacements measured in one complete
cycle

(a)

Load displacement loop as obtained from clip gauge-

mounted across the grip ends and the points

(corresponding stress and strain levels shown in table)

where closure_observations'were made.
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0.00005

e

oy, Crack openiny displacement,
' “‘-~‘i1~§~“eK

(a) Increasing Strain

<

0.800a8 '300
x/2a, Relative Position

(b) Decreasiny strain

,.
o -

9/<
37 10 i

CU, Crack openiny displacement, in

—

o A
.300ca 0.5C000 LLonl

X/Z2a, Relative Position

(9) Crack openinyg aisplacenent uuring increasing ( loaainy)
and decreasing strdain {unlceaaing) at airtrerent points alony
the crack lengyth. Uifferent stress (strain) levels
correspond to tne points snuwn in {vaa aisptacement 100p.




C0D, Crack openiny displacement, in

Luu, Crack opening displacement, in

0.0000¢
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., stress, Kksi.

(a) Increasiny strain x(in) x/2a
o o | 0.00013| 0.0083
A O
a |0.00133 ] 0.0838
Q)
A
o
: - .
° L= o b
-100.00 -$0.00 Q.00 $0.C0 100.00
g Q’, stress, ksi
d .
(b) Decreasiny strain
. A
A
A
O
o
O
A
5 o
s e '
-100.00 -50.00 0.C0 €0.C3 . .100.09

(c) Crack openiny displacement 4s a function of stress at
girferent points alony the crack lengyth during increasiny

and decreasiny strain.



Cuv, Crack openiny displacement, in

in

CUU, Crack openiny displacement,

0.0000S

0.00009 , 0.00000
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(a) Increasiny Strain x(1in) x/2a
o | 0.00013} 0.0083
A Q)
a | 0.00133 | 0.0838
O
A
Q)
e—58 -
Q.00S00 G.00C00 Q.cgescao
£, strain
(b) Decreasing strain
N
A
Q)
Q)
A
g O
o.-Q . 0050“0’ o] .r00000 0.00S00 '
£, strain

(d) Crack openiny displacement as a function of strain at
dirferent points alony the crack lenyth during increasing
and decreasing strain.
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e )
.

. .
sm o | -
o

& = 0.0024 nRY/AL
617-23.Na2234 s 7 o I

2a= 0.029 in [T A] e
st /oo e
sunviN/ e
i- i"’/, s
T f_)r/J Y
NN ATy
3 |/wdt

'F

b3

...,._q

RN

Ir ,
K 4
s nu i L.J:" Stress strain
";Ci--Q/A %:r (ksi)
: tEL *ﬂ'-w-; 1 | -43.28 | -0.001925
i f,: ‘rff'i'+ 2 | -26.44 | -0.00132
RS - 3 7.64 | -0.0002
4 33.94 | 0.00083
5 49.22 | 0.00165
H 6 47.2¢ | 0.002
-=;::-L‘*‘—‘::=- 7 | - 7.07 | 0.00018
’ 8 -26.87 | -0.00062
—_— \ 9 -59.54 | -0.00205
. l 2 |
- Fig. 36: Crack opening displacements measured in one complete

cycle

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.



CUV, Crack openiny displacement, in

LUb, Crack opening displacement, in

0.00003
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ool

(a) lncreasing Strain

12 .

o +
A )
0.2s

0.50

0.7% 1.00

x/2a, Relative Position

0.06U0S 0.00000
' 8

(b) Decreasing strain

4R N
.co 0.25

o0.02000

0.75 1.Co .

x/2a, Relative Position

(9) Crack openiny displacement duriny increasing (loadiny)
and decreasiny strain (unloadiny) at aifrerent points alony

the crack lenyth.

Different stress (strain) levels

correspon@ to the points snown in lvaa displacement loop.
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0.0000S

Cub, Crack opening displacement

in

LUb, Crack openiny displacement,
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x(in) | x/2a
(a) Increasiny Strain o | 0.0028 | 0.0965
a | 0.0204 | 0.7034
A
A
A
o 0O
8 O
8 o ) '
: &> =
S :s.00 0.00 75.C3
§ T, stress, ksi
o
(b) Vecreasing strain
A
A
& )
g n_ O
Sas.00 0.00 75.00

T, stress, «ksi

(c) Crack openiny displacement as a function of stress at
different points alony the crack lenyth duriny. increasiny
and decreasiny strain.



Cub, Crack openiny displacement, in

LJyb, Lrack openiny displacement, in
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0.0000s

(a) Increasing Strain

x(in) x/2a
o | 0.0028 | 0.0965
a | 0.0204 | 0.7034

0.0000S

, 0.00000

A
A
)
g Q)]
‘
©.0.00250 n.annon
€, strain

0.022s0

(b) Decreasiny strain

A
i A
a o
= o O
0.00250 0.c3c00 ' 0.00250
£, strain
(d) Crack openiny displacement as a function of strain at

different points alony the crack

and

decreasiny strain.

lenyth during increasing
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&= 0.0024
617-23.N32520 .
2a= 0.022 in [T
r[i-:“
1=
B EYR! !
'...-i. -:.. -‘-4:--
?""’Ti;i!/i"'l
-:- -r e Li./ar....
A
0 o e A 7
R Iy AR stress Strain
NARBENI NI RN (ksi)
HEHET AR 1 | -44.28 | -0.00185
. t Milil 2 -21.64 | -0.00125
i RN :
3 l T T 3 0.00 | -0.0005
- 4 | 24.05 0.0004
5 42.72 0.00128
§ 6 39.60 0.0018
‘%;f‘l——__f::=— 7 5.65 | 0.00065
, ] 8 -28.28 0.00066
—_— ‘ 9 -55.16 | -0.00192
2a
‘f .
Fige 37: Crack openiny aisplacements measured in one complete cycle

(a) - Load displacement loop as obtained from Clip yauye
mounted across the yrip ends ana the points (corresponding
stress and strain levels shuwn in table) wnere closure

observarions -were made.
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Cu, Crack openiny displacement,

in

?

Luu, Crack opening displacement

©0.00000
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0.00009

(a) Increasinyg Strain.

L +
0.25 0.50 0.75 1.c0

X/Za, Relatiye Pusittion

0.00005 ©0.00L00
8

(D) Uecreasiny strain

' 9

0.s0 8.7s 1.60
x/2a, Relative Position

«b) Crack openiny displacement during increasiny (loadiny)

and decreasiny strain (unloading) at aitfferent points alony

tne crack lenyth. Uifferent stress (strain) levels
correspond to the points snown in load aisplacement loop.

.00 g.25




CUu, Crack openiny displacement, in

CUu, Crack opening displacement, in
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0.0000<

‘ x(in) x/2a
(a) Increasing Strain
L 0.0024 | 0-1091
0.0054 | 0.3545
0.0203 | 0.9227
A A 8
+
+ +
+
O
: s 0 °
o.__ e S o 7;53
§°”° @, stress, ksi ‘
(b) Decreasiny strain
A
+
+
, O
| N S -
o 4 ‘
-75.00 0.00 75.02

¢, stress. ksi

\¢) Crack opening displacement as a function of stress at
different points-alony the crack lenytn duriny increasing
and decreasiny strain,



Cul, Crack openiny displacement,

LJdu, Crack opening displacement, in
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m
g
(a) Increasiny Strain x(in) x/2a
o | 0.0024 | 0.1091
a | 0.0054 | 0.3545
+ | 0.0203 | 0.9227
-
+
+ +
+
Q)
g A o O
S — - -
-0.00250 6.000Ca 0.C03z22
g €, strain
g
(p) Decreasiny strain
A
+
A
+
Q)
§ f7ar] ™~ . o
o (=] &5 + ]
-0.00250 0.0c000 0.03250
g, strain

(d) Crack openiny displacement as a function of strain at

different points alony the crack len
and decreasiny strain.

yth during increasing




145

ta = 0.0024
817-23.N29750
2a= 0.0181 in

Hro

-r AT Stress Strain
i : : (ksi)
! 1
i g !
} T . i , 1 -45.26 -0.001925
.L‘ [ § l 2 -19.80 | -0.00117
2000 e
3 21.21 0.0003
4 49,50 0.00172
5 32.53 0.00150
6 4.24 0.0005
7 -18.38 0.00025
8 -53.74 -0.00195
l 2a l
Fig. 38: Crack opening displacements measured in one complete
cycle

(a) Load displacement loop as obtained from clip gauge
mounted across the grip ends and the points
(corresponding stress and strain levels shown in table)
where closure observations were made.
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V.00002

(a) Increasing $train

>

Cul, Crack openiny displacement, in

0.00003 o0.00000
g

n.2s 0.50 Q.75 1.00
x/2a, Relative Position
[ <-‘——~—_-~—_"““‘7§~ﬁ5

(D) Uecreasiny strain

Cul, Crack openiny displacement, ‘in

0.00L.

.00 0.25 0.0 0.7s
X/Za, Relative Position

(b) Crack openiny displacement during increasiny (loadiny)
ana decreasing strain (unloadinyg) at aifferent points alony
the crack lenyth. Different stress (strain) levels
correspond to the points shown in load aisplacement loop.




Cub, Crack openiny diSplatement,

Cub, Crack openiny displacement, in

0.00002

0.C0003

, 0.00000
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x(in) x/2a
A
(a) Increasing strain + 0.0024 | 0.1326
+ 0.0056 | 0.3093
A 0.0178 | 0.9834
+
o
a O
= S -
75.00 0.00 75.00
§, stress. Ksi
(b) vecreasiny strain
&
a
A +
+
O
J7an) faa :m
w00 -0.00 75.00

o, stress, ksi

(¢) Crack openiny displacement as a function oT stress at
ditterent points alony the crack lenyth durinyg increasing

and decreasiny strain.
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