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ABSTRACT

Fatigue cracks from Inconel 718 specimens were incrementally sec-
tioned to obtain estimates of crack profiles and aspect ratios. The
specimens were tested to failure in strain control under three loading
conditions: tension, torsion, and combined tension-torsion. A least
squares fit ellipse was fit to the data from the cracks, giving a good
estimate of the actual crack profile. For cracks which encountered an
obstruction such as a grain boundary, the surface growth stopped, and
growth was deeper into the specimen and the crack took on the shape of a
rectangle.

Correlations between surface crack Tength and crack depth were
found to be good for cracks with surface lengths in the range of 0.1 to
1.0 mm, Cracks from lower strain specimens have larger aspect ratios
than cracks from high strain, low life fatigue specimens., The correla-
tion suggests that for fatigue cracks from a specimen with equal strain
ampiitudes, tension, torsion, and combined tension-torsion cracks have
very similar crack aspect ratios. For Ae/2 = 0.5 percent, the average
aspect ratio given by maximum crack depth divided by surface crack
length was 0.22. For Ag/2 = 1.0 percent, an average aspect ratio of
0.15 was found.

Observations of crack growth characteristics were also made, in-

cluding crack bifurcation and the Stage I to Stage II transition.

Keywords: Biaxial fatique, Small cracks, Crack growth, Aspect ratio
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1. INTRODUCTION

Modern systems such as aircraft, automobiles, and printing machines
are growing more complex and operating at higher speeds than ever be-
fore. At the same time, constant pressure for cost effective designs
demands optimization of each component: thus, the need for a reliable
and consistently accurate method of design analysis is apparent. One
important part of any dynamic design analysis is the consideration of
the fatigue resistance. Fatigue occurs when components are subjected to
repeated loading. In general, the loading is such that complex multi-
axjal states of stress occur. Unfartunately, data for the fatigue
characteristics of materials are typically generated from uniaxial test
programs. Because of the great complexity of biaxial loading, as well
as the large number of tests required to develop empirical criteria,
little research has been done on the multiaxial fatigue problem until
recent years. Rather, research has centered on developing an appro-
priate rule which reduces the complex muitiaxial Toading to an “equiv-
alent" uniaxial loading., Data from uniaxial tests can then be used to
predict the fatigue resistance of components.

Several reviews of multiaxial fatigue are available [1,2], giving a
broad background to the current state of the art. Recent approaches are
based on the critical plane for crack initiation and growth. Two of the
more popular approaches are those by Brown and Miller [3] and by Lohr
and Ellison [4]. Both theories incorporate strain parameters which
quantify the shear strain on the critical plane and the normal strain to
that plane. Socie, et al., [5] has shown that boph Brown and Miller and
Lohr-Ellison parameters provided good correlation of the data and can be

combined with uniaxial material properties to estimate 1ives in biaxial



loading. To further improve the life estimates of components subjected
to multiaxial loading, a better understanding of the mechanism of crack
growth must be obtained.

This investigation centers on the relationship between the length
of a crack on the surface of a component and the depth of that crack.
The ratic of crack depth to surface length is known as the aspect
ratio. The greater the crack depth, the greater the damage. The ma-
terial used in this investigation was taken from the gage section of
thin-walled tubes of Inconel 718, Surface crack observations for this
material have been made by Waill [6]. The specimens were subjected to
in-phase, room temperature, biaxial, strain controlled tests. Cracks
which developed as a resuit of this loading were sectioned from 5 to 15
times and the depth of the crack was measured at each interval. Crack
profiles from approximately 90 cracks were determined by this method.
Correlations between surface crack Tength and maximum crack depth were
determined,

Additionally, observations were made on the growth of cracks into
the sample, These observations included crack bifurcation and its
causes and, in the language of Forsyth [7], Stage 1 and Stage II trans-

ition of crack growth planes.




2. EXPERIMENTAL PROCEDURE

2.1 Material

Specimens were cut from a forged ring of Inconel 718 purchased to
Aerospace Material Specification, AMS 5663. Inconel 718 is a high tem-
perature, nickle based superalloy. The ring (800 mm 0D, 650 mm ID) was
sectioned into 75 mm x 75 mm x 225 mm blocks with the 1long dimension
parallel to the axis of the ring. The wmicrostructure is shown in
Fig. 1. A mixture of grain sizes was observed ranging from small
clusters where the typical diameter was 0.01 mm to areas with grains as
large as 0.2 mm. These are at least 10 grains through the specimen
thickness for the largest grains. Residual stresses induced during
forging were relieved after rough machining by heat-treatment at 600°C
for twelve hours, which prevented the specimen from distorting during

final machining. Tensile properties are given in Table 1.

2.2 Sectioning Procedure

Fatigue cracks were sectioned from specimens tested under biaxial
loading conditions. Tests to failure on the Inconel specimens were con-
ducted for axial (A = 0), torsional (A = =}, and combined tension-
torsion loading (A = ¥3) where X is the ratio of torsion to tensile
strain ampiitude. For each of the above loading modes, one series of
tests was conducted at a strain ratio of Re = -1 and é second series
at RE = 0 where Re is the ratio of minimum to maximum strain. The tests
at each strain ratio were conducted at two effective strain ampli-
tudes, Ae/2 = 0.5 percent and 1.0 percent. In all, a total of twelve

specimens were prepared for this investigation., Table 2 shows the fa-

tigue results Tor the ten specimens which provided crack depth data,



Failed specimens contained a large number of cracks with a wide
range of surface crack Tengths, As a result, crack shape as a function
of length could be obtained from a single specimen.

The general procedure followed in determining a crack profile con-
sisted of the following steps. A crack of the desired surface Tength
was located on the specimen. The length was accurately measured using
the caliorated eyepiece of an optical microscope. The specimen surface
perpendicular to the surface crack was ground away until approximately
one-tenth of the crack Tength was removed, which exposed the crack grow-
ing into the depth of the specimen. llsing standard metallographic spec-
imen polishing techniques, the ground surface was polished carefully to
reveal the crack. The new surface crack length was measured, then the
specimen was rotated 90° and the depth of the crack measured, This pro-
cedure was repeated until the surface crack was completely eliminated.

In light of the large number of cracks being investigated, it was
necessary to design a fixture to hold the specimen in such a way that
several cracks could be sectioned at the same time. It was also neces-
sary to design the fixture to accommodate the various crack directions
obtained from the three loading modes. In torsion, cracks grow princi-
pally on the longitudinal specimen axis. Tension cracks tend to grow in
a circumferential direction, and the combined tension-torsion cracks
grow at an intermediate angle, usually 20 or 70 degrees from the tong~
itudinal axis. Only the tension and torsion cracks were sectioned in a
direction perpendicular to the surface crack. Combined loading cracks
were sectioned at an angle uf 20 degrees from the surface crack direc-

tion. Because of this sectioning angle, care must be taken in in-

terpreting the direction of the crack growing into the depth of the
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specimen loaded in combined tension-torsion. In addition, because of
the small dimensions of the cracks, it was necessary to precisely
machine the fixture in order to ensure that the measured crack depth
corresponded to the surface crack being investigated.

The fixture used when studying torsion or combined tension-torsion
is shown in Fig. 2. Figure 2a shows the fixture as it would appear when
measuring the surface crack length. Figure 2b shows the fixture rotated
90 degrees to allow measurement of the crack depth. Figure 3 shows the

fixture used to accommodate tension samples.



3. RESULTS

Numerical results of depth measurements from crack sectioning are
given in the APPENDIX in Tables A.1 to A.10. Specimen identification is
given in Table 2. FEach table Tists the data for eight to ten cracks
from a single specimen. The total lTength for each crack is given as 2c,
and the depth of the crack a at locations L along the crack is given at
several intervals. The numerical results are given for strain ampli-
tudes of 1.0 percent and 0.5 percent at strain ratios R€ = -1 and 0 for
both the torsion and the combined tension-torsion specimens, for a total
of eight specimens. For the tension samples, however, crack sectioning
could only be carried out at the 0.5 percent strain amplitude. At the
higher strain amplitude of 1.0 percent, the surface was characterized by
many very short cracks and a single large failure crack. Since very few
intermediate cracks were present on the samples loaded at the higher
strain amplitude, it was not feasible to section them. Figure 4 shows
typical surface topography for 1.0 percent strain amplitude tensile
loading at RE = -1 and 0. These surfaces are typical of high strain
amplitude axial loading [6].

Figures 5 through 14 are two-dimensional graphical representations
of crack profiles for each crack sectioned. Each figure shows six to
eight cracks from a single specimen, providing a range of profiles for
surface crack lengths of 0.2 to 1.0 mm.

As a means of modeling each crack, a least squares fit ellipse of

the form
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is shown to fit the data points. An ellipse was chosen as the mathe-
matical model of the cracks for several reasons. First, in linear elas-
tic fracture mechanics, cracks have typically been represented as el-
lipses., Parameters such as the flaw shape parameter have often been de-
rived in terms of the ellipse and, more importantly for most of the
cracks sectioned, the experimental data fit the elliptical shape well.
Torsion cracks fit the elliptical shape better than either the combined
tension-torsion or the tension cracks,

It was assumed that the surface crack length was known to have a
greater degree of accuracy than were the depth measurements. Using this
assumption, Eq. (1) was treated as if error were only introduced in the
depth measurements. The parameter a is then the only variable which
needs to be considered in the least squares formulation. In this case,
a 1s the minor axis of the ellipse and, therefore, can be used as the
maximum crack depth, By using a consistent model for determining the
crack depth, the arbitrary choice of a maximum crack depth is elimi~
nated. In most cases, the maximum crack depth ublLained experimentaily

is very close to that predicted by the elliptical modei. Maximum crack

depth a is given by:

n
5 y1[1 - ()(1-/C)2'J”2 .
a = 121 (2)
Do0- 0y
T - {—
i=] ¢

where n is the number of sectioning intervals, y; is the depth of the

th

crack at the i interval, x; is the distance from the center of the

crack to the sectioning location, and ¢ is one-half the total crack

length.



Correiations between surface crack length and crack depth can be
made from data such as that collected in this experiment, Figures 15
through 20 are plots of maximum crack depth a versus surface crack
length 2c. Each figure compares the crack depth and surface crack
length for different loading conditions. A least squares linear fit of

the data has been made and fits the data well.



4, DISCUSSION
4,1 Preliminary Remarks

Before beginning a discussion of the specific results applying to
the aspect ratlio correlations Tound experimentally, a general discussion
of the cracking behavior will be given.

In performing crack depth measurements using an optical microscope,
the tip of the crack must be clearly defined to ensure accurate measure-
ment. In many cases however, the cracks were not visible; in combined
tension-torsion and tension cracks where there is a component of Mode I
crack opening, the cracks close when unloaded and appear to have
healed. Without scme additional means of revealing the crack tip, accu-
rate depth measurements would be impossihle. Torsional cracks, whose
surfaces tend to rub over each other as a result of Mode IT crack
opening, are usually readily visible all the way to the crack tip. To
heighten the visibility of those cracks which were tightly closed, each
sample was plastically deformed in such a way as to open the crack. The
method of deformation consisted of three-point bending. To avoid the
possibility of actually extending the crack as a result of the plastic
deformation, the bending was carried out in a series of steps. The ap-
plied load was steadily increased at each step while monitoring the
crack tip position. It was found that for this material, a very large
stress was necessary to cause crack extension, In add.ition, a zone of
plastic deformation was visible at the crack tip before the extension
occurred, giving warning that too large a stress was applied. This
method provides easily measureable crack depths. In developing the

crack in this manner, the experimenter can be confident in the depth

measurement., Care must be taken to limit the stressing of the samples

as much as possible if many cracks are to be sectioned.



10

It is important to note the range of the surface crack lengths be-
ing studied. The cracks measured in this experiment ranged from 0.1 to
1.0 mm. Much of the data taken on crack aspect ratios in the past have
been for cracks greater than 1.0 mm in length, typically in the range of
1.5 mm [8,9]. Socie, et al. [5] have shown that for this material. 75
to 95 percent of the component 1ife in tension and combined tension-
torsion and 50 to 70 percent of component 11fe in torsion is spent grow-
ing cracks to a length of 1.0 mm. At crack lengths greater than 1.0 mm,
growth occurs at a much greater rate and the cracks became large with
respect to the dimensions of the specimen. With such a large percentage
of the component 1ife spent growing cracks to 1.0 mm, a better under-
standing of their growth characteristics is important,

When determining the aspect ratio of a crack, most investigators
have assumed that the crack depth reaches a maximum at the midpoint of
the crack [7,97. Careful examination of Figs. 5 through 14 shows that
this is often not the case. Instead, the cracks sometimes tend to grow
deepest near one end. This trend results in a crack shape more closely
approximating a rectangle than an ellipse.

When a crack growing along the surface of a specimen encounters an
obstruction such as a grain boundary, its growth is impeded. Figure 21
shows a combined tension-torsion crack intersecting an obstruction. Its
growth on the surface has been stopped. Upon sectioning this crack, it
was found that the maximum depth remained constant to the end of the
crack. Thus, when the surface growth of a crack is impeded, the crack
grows into the depth,

This result is especially important when considering the sectioning

resuits for short cracks, in the range of 0.1 to 0.2 mm. The crack pro-
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file figures demonstrate that in nearly every case, cracks in this range
were rectanguiar in shape and had an aspect ratio much greater than the
expected value. Recall that the grain size of this material is 0.1 to
0.2 mm. At specimen failure, it was very difficult to find a crack of
0.1 mm which had not had its surface length impeded. Differences in ma-
terial purity and grain structure in materials could certainly cause the
variation in aspect ratios which have been reported. Dowling [8] elimi-
nated this problem by stopping the test when the surface crack grew to
the desired length, rather than taking the specimen to failure. The
specimen was cracked open to reveal the entire crack profile. The
method would assist in determining an accurate crack profile for cracks
of any Tength for a wider range of strain levels.

An alternate method would be to examine cracks located on the
radius of the specimens, rather than in the gage section. Because of
the greater wall thickness, the applied stress is lower and cracks in
these Tocations would also tend to accurately reflect the correct crack
profile for a wider range of strain levels, Both of the above methods
would be inefficient for collecting the large amounts of data necessary
Lo make accurate statistical correlations.

Finally, when comparing data for crack aspect ratios, it is impor-
tant to note the lives to failure of the specimen. As will be discussed
later, the aspect ratio increases as the strain amplitude decreases.
Thus, tower strain, tests have a greater aspect ratio than high strain
Tow 11fe tests. The majority of experimental results thus far have been
obtained from specimens with failure lives of 10% to 106 cycles [8,9].
The values reported have typically been higher than those reported in
this paper, which were taken from specimens with lives of 103 and 104

cycles.
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4.2 Aspect Ratio Correlations

Data from crack depth measurements suggest that correlations be-
tween surface crack length and crack depth can be made for cracks in the
range of 0.1 to 1.0 mm. Figure 15 shows the crack depth, a, computed
from Eg. (2) versus crack Tlength, 2c, data for R€ = 0, Ag/2 =
0.5 percent strain amplitude loading conditions, Tension, torsion, and
combined tension-torsion data are each plotted on the graph. A least
squares fit to the data is shown as the solid Tine. The most readily
apparent result from the data is that all three loading modes have equal
aspect ratios. The solid line fits all three sets of data with minimal
scatter. The aspect ratio a/zc for the specimen is U.22. Some investi-~
gators have found that the aspect ratios for tension are greater than
that of torsion, with values for combined loading lying between the
two. These aspect ratios also tend to he higher, with values up to 0.5
reported for tension, It is suggested that these differences are due to
the use of longer crack lengths and longer failure Tlives of the specimen
being studied by the earlier workers. This follows what was explained
earlier in the discussion. Note also that the majority of the work done
to date has been on medium carbon and Tow alloy steels. These steels
tend to have greater amounts of inclusions and defects than the Incoenel
used in this test, Material differences would certainly create differ-
ent crack growth conditions. This result suggests that for short cracks
in Inconel, growth rates into the specimen are similar to the surface
growth rate for the three loading modes investigated. MNote that as

surface length increases, the scatter in all of the data increases.

Also, the combined loading specimens had more scatter than the tension

or torsion specimens.
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Figure 16 shows a versus 2c data for the R = -1, AES2 =
0.5 percent strain amplitude loading conditions. Again, tension,
torsion, and combined loading data are plotted on the graph. Here it is
seen that the tension and torsion data fit the same least squares line
very closely, but unlike the RE = 0 loading mode, the combined loading
has a Tower aspect ratio. The value for the tension and torsion samples
is 0.32, while that of the combined loading is given as 0.22. Note that
again, like the R8 = 0 loading mode, the combined loading specimen data
showed more scatter than either tension or torsion. An accurate rela-
tionship between a and 2c for combined loading is difficult to charac-
terize because of scatter in the data. Close observations of the a
versus 2c data for the combined loading specimen in this figure might
suggest a better correlation. Notice that a horizontal line at a = 0.12
accurately describes the relationship between depth and surface
length. It is also seen that this trend is visible in Specimen B-16, a
torsional specimen at a strain amplitude of 1.0 percent, In the
author's opinion, more data from these specimens must be collected be-
fore an accurate correlation can be made.

Figures 17 and 18 show the a versus 2¢ data for the R€ = -] and 0
strain ratios at a strain amplitude of 1.0 percent. Torsion and com-
bined tension-torsion data are shown, with no 1.0 percent amplitude
tension data available. A similar trend to that seen ébove in the Tow
strain amplitude data is observed. For RS = -1, both sets of data lie
along a line corresponding to an aspect ratio of 0.14. For R€ =0, a
least squares line fits the data well, but gives a slightly higher as-

pect ratio of 0.17. It is observed, however, that there is a signifi-

cant divergence 1in the data past a crack length of 0,8 mm, IT these
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cracks are removed from the plot, or data are plotted only for cracks in
the range of 0.1 to 0.8 mm, the data very clusely matches the aspect
ratio of 0.14 found in the RE = -1 data.

If crack iengths up tc 0.8 mm are plotted, a reasonably good cor-
relation can be made for the six loading modes considered in this
study. Figure 19 shows all of the data points collected for the
0.5 percent strain amplitude tests for surface crack lengths up to
0.8 mm. It is seen that the data fit a least squares line corresponding
to an aspect ratio of 0.22.

Figure 20 is a collection of all'data points collected for the
1.0 percent strain amplitude tests for surface cracks up to 0.8 mm. For
These data points, a least squares line corresponding to an aspect ratio
of 0,15 fits the data well.

From the plots above, it is further clarified that the variations
in the aspect ratios for tension, torsion, and combined tension-torsion
are small for the range of crack sizes being considered. They alsoc ac-
centuate the trend that smaller strain amplitude tests provide larger
aspect ratios. It must be remembered that this is a correlation between
surface crack length and crack depth. Although the low strain amplitude
tests have a greater aspect ratio, the high strain amplitude specimens

may fail sooner because of the greater growth rate of surface cracks at

high amplitudes.

4.3 Depth Crack Observations
Figures 22 through 30 show actual crack profiles for each of the
specimens investigated, The upper photograph shows the particular sur-

face crack being investigated before sectioning. These cracks are on




15

the maximum shear strain planes. The lower photograph is a composite of
several photographs, each showing the crack depth at a different loca-
tion along the surface crack. The individual pictures were made each
time the crack was metalographically sectioned. A good representation
of the actual crack profile is given by the composite photographs in the
figures. The typical shapes of depth cracks in each of the three
loading modes can be seen in the figures.

Figures 22 through 25 show torsion cracks from various loading
modes. Depth cracks into torsional specimens always grew radially in-
ward along a plane of maximum shear. A very small amount of deviation
in the crack direction occurred as it encountered changing grain struc-
ture. A phenomenon observed in a Targe number of torsional cracks was
bifurcation. Crack bifurcation occurs when a single primary crack
branches, forming two secondary cracks., The bifurcation process can oc-
cur several times on a single crack. An example of crack bifurcation in
torsional cracks is seen in Fig., 31. Crack branching did not appear to
be dependent upon crack depth, but occurred at many depths. Figures 31
and 32 show etched torsional specimens. The etchant reveals the inter-
action of the crack with the grain structure of the material. 1In the
majority of cases, crack bifurcation occurred at the grain boundary.
The crack grew along the grain boundary, then switched to transgranular
growth., An example is given in Fig. 33. Fiqure 31 show§ one of the few
times when bifurcation did not occur at the grain boundary intersection,
but within a grain. Note that the bifurcation direction coincides with
the direction of the slip lines within the grains.

Figures 26 through 28 show combined tension-torsion crack profiles

from various loading modes. The cracks in combined loading usually in-
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itiates radially and grows inward toward the center of the specimen.
However, unlike the torsional cracks, combined loading cracks tend to
wander to a greater extent, seeming to follow the slip lines of the
grains encountered. Crack growth in combined Tloading tends to be
primarily transgranular. Figure 24 shows an etched combined loading
specimen which illustrates the above observations. Crack bifurcation
also ocecurs in combined loading specimens, but to a lesser degree., In
general, a single main crack forms and remains dominant. Note that for
the combined loading specimen, cracks were sectioned at approximately a
20 degree angle to the surface crack. The directions of the depth
cracks shown in the above photographs are not principal planes, but they
give a good ideca of the nature of the combined loading crack,

Figures 27 and 30 show tension crack profiles for two loading
modes. For tension cracks, initiation and early propagation occurs on
maximum shear strain planes both on and into the surface of the speci-
men. Then, after two or three grain diameters, propagation direction
into the surface changes tu Lhe principal strain plane. On the specimen
surface, the crack remains on maximum shear strain planes for a longer
period of time. This is the Stage I and to Stage II transition observed
by Forsyth [7]. Figure 35 shows examples typical of Stage I to Stage II
transition. Figure 36 shows two tensile cracks from an etched speci-
men. It 1s seen that crack propagation is transgranular, with Stage I
to Stage Il transition occurring at a grain boundary. Transition oc-
cured at a variety of crack depths. Bifurcation also occurs in tensile
cracks, but to a much lesser degree than in the torsion specimens. It

was always observed to occur at a grain boundary. Figure 37 shows a

tensile crack in a etched specimen. Note the way the longer crack
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follows the siip lines of the grains encountered. The smaller crack

below shows a bifurcated crack.
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5. CONCLUSIONS
Crack profiles for tension, torsion, and combined tension-
torsion loading modes can be modeled with good accuracy by an
ellipse.
Upon encountering an obstruction such as a grain boundary, a
crack may stop propagating on the surface and grow into the
specimen. The crack profile for this case is then more closely
approximated by a rectangle rather than an eilipse.
Good correlations between surface crack length and crack depth
can be made in the range of 0.1 to 1.0 mm surface lengths for
Inconel 718,
Cracks from low strain, long life fatigue specimens have larger
aspect ratios than cracks from high strain, low life fatigue
specimens,
At a constant strain amplitude, tension, torsion, and comhined
tension-torsion specimens have crack aspect ratios which are
very similar, For Ag/2 = 0.5 percent, an average value of
C/2a = 0.22 has been found. For Ae/2 = 1.0 percent, an average
value of C/2a = 0.15 is found. These values apply to a crack

range from 0.1 to 0.8 mm surface lengths.

bt
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Table 1 Mechanical Properties

Monotonic Properties

Modulus 209 GPa

Yield stress 0.2 percent 1160 MPa
Fracture stress 1850 MPa
Fracture strain 0.33
Percent Reduction in Area 28
Strength coefficient 1910 MPa
Strain Hardening txponent 0.08

Cyclic Properties

Fatigue Strength Coefficient 1640 MPa
Fatigue Strength Exponent -0.06
Fatigue Ductility Coefficient 2.67
Fatigue Ductility Exponent -0.82
Cyclic Strength Coefficient 1530 MPa

Cyclic Strain Hardening Exponent 0.07
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Axial

Grain structure
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ing specimens

Test fixture for tension load

Figure 3
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1.0% tension samples

-

Typical surface topography for Ae/2

Figure 4
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APPENDIX

On the following pages are shown various stages of crack growth for
each of the ten specimens from which data was collected. All dimensions

are in millimeters,

Test Page
Torsion, B-8, We/2 = 0.5 percent, Ry = -1 59
Torsion, B-13, We/2 = 1.0 percent, R, = -1 60
Torsion, B-32, Me/2 = 0.5 percent, R, = 0 61
Torsion, B-16, We/2 = 1,0 percent, Ry = 0 62
Tension-Torsion, B-26, We/2 = 0.5 percent, Ry = -1 63
Tension-Torsion, B-11, We/2 = 10, percent, Ry = -1 64
Tension-torsion, B-34, We/2 = 0.5 percent, Re =0 65
Tension-Torsion, B-10, We/2 = 1.0 percent, Re =0 66
Tension, B-12, We/2 = 0.5 percent, Ry = -1 67
Tension, B-15, We/2 = 0.5 percent, R, = 0 68
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Results of Crack Sectioning

Table A.1

SPECIMEN B - 8

AJ2 = 0.5%

2c = 0.34
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Table A.2 Results of Crack Sectioning

B - 13

SPECIMEN

Af2 = 1.0%

2c = 0,22 2c = 0,28 2c = 0,38
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Table A.3 Results of Crack Sectioning

SPECIMEN B - 32

8/2 = 0.5%
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Table A.4 Results of Crack Sectioning
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Table A.5 Results of Crack Sectioning
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Table A.6 Results of Crack Sectioning
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Table A.8 Results of Crack Sectioning
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Table A.7 Results of Crack Sectioning
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Table A.9 Results of Crack Sectioning
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Table A,10 Results of Crack Sectioning
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