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MEASUREMENT AND ANALYSIS OF CRITICAL CTOA FOR AN ALUMINUM
ALLOY SHEET

D. S. Dawickel, M. A. Sutton,? J. C. Newman, Jr.3, and C. A. Bigelow3

ABSTRACT

The stable tearing behavior of thin sheets of 2024-T3 aluminum alloy was investigated
for middle crack tension, M(T), and compact tension, C(T), specimens. The surface
crack-tip opening angle (CTOA), applied loads, crack extension, and local displacements
were measured. A critical CTOA fracture criterion was incorporated into a two-
dimensional, elastic-plastic finite element code and used to simulate the experimental
fracture behavior.

The CTOA measurements and observations of the fracture surfaces have shown that (a)
large values for surface CTOA were observed for small crack extensions (less than the
sheet thickness), (b) substantial tunneling of the crack was associated with small crack
extensions, (c) crack tunneling in the M(T) specimen was less than that observed in the
C(T) configuration, (d) for larger crack extensions, the measured CTOA values were
determined to be approximately 6° for both the M(T) and C(T) configuration, and (e) for
larger crack extensions, crack tunneling remained constant.

The two-dimensional finite element predictions of fracture behavior assumed a constant
critical CTOA value of 6° and accounted for local crack tip constraint with a plane strain
core of elements ahead of the crack tip. The plane strain core extended Smm above the
crack plane. The simulations were within 4% of the maximum applied load for the C(T)
tests and within 2% for the M(T) tests.

Nomenclature

Crack length

Crack extension

Interior crack length

Surface crack length

Specimen thickness

Minimum element size along the line of crack extension
Elastic modulus

Mode I stress-intensity factor

Applied load

Stress ratio

Applied stress

Displacement perpendicular to the direction of loading
Displacement parallel to the direction of loading
Specimen width

Crack-tip opening displacement
Crack-tip opening displacement measured at the crack faces at a distance of Imm
behind the original crack tip
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d4s  Crack-tip opening displacement where 45° lines intercept the crack faces

Os  Crack-tip opening displacement measured +5mm above and below the crack faces
at a distance of Imm behind the original fatigue crack tip

d¢  Critical crack-tip opening displacement

(3 Strain

c Stress
Poisson's ratio

y  Crack-tip opening angle

Y. Critical crack-tip opening angle

Introduction

The aging of the commercial transport aircraft fleet has increased concern for
fatigue damage developing in pressurized fuselage structures. One of the objectives of
the NASA Aircraft Structural Integrity Program [1] is to develop methodologies to
predict the residual strength of cracked, thin-skinned, pressurized fuselage structures.
The approach taken is to develop a local fracture criterion that can be used with shell-
code finite element analyses. The fracture criterion and finite element analyses should be
able to predict large amounts of stable crack growth under conditions of large-scale
yielding in thin sheet materials. Numerous fracture mechanics-based parameters have
been proposed to characterize stable crack growth, including the average crack opening
angle (COA) [2], crack-tip opening angle (CTOA) [3,4], crack-tip opening displacement
(CTOD) [5-7], energy release rate [8], crack-tip strain [9] and J-integral resistance curves
[10-13].

Of course, a valid crack growth criterion should be reasonably independent of
specimen geometry. Thus, the effects of both loading and, possibly, stress state in the
crack tip region need to be considered. To quantify the effects of through-the-thickness
stresses, Hom and McMeeking [14] analyzed sharp notches (a ratio of thickness to notch
radius of 5-10) using finite deformation theory plasticity and Newman, et. al [15]
analyzed stationary cracks using small strain plasticity. Both found that substantial
constraint is built up through the thickness in thin materials prior to crack growth, with
the hydrostatic stress at the mid-thickness nearly 2.5 times the value at the free surface.
Thus, it is clear that cracks in thin sheets have complex, highly three-dimensional stress
and strain fields prior to the onset of crack extension.

Radon and Leevers [16] have shown that, for a stationary crack in an elastic
material, a compact tension specimen, C(T), will have higher constraint than a middle
crack tension specimen, M(T). Thus, during the initial stages of loading, it is reasonable
to expect that differences in crack initiation and growth may occur in the two crack



configurations. However, during stable crack growth, large scale plastic deformation
occurs and the initial elastic constraint differences are reduced. In fact, using recent work
by Yang, et. al. [17] it can be shown that constraint decreases for a plane strain, three-
point-bend specimen (having constraint similar to a C(T) specimen) undergoing fully
plastic deformations prior to crack growth. Hence, if crack growth occurs under fully
plastic conditions, the effects of in-plane constraint on the fracture parameter should be
small.

Recently, Kobayashi and co-workers [18-24] completed a series of experiments
on thin specimens to assess the validity of the J-integral resistance curves. Their work
has shown that the surface displacements (u) and the normal strains (€xx) parallel to the
crack line, for a variety of nominally plane stress test specimens, do not have HRR trends
identified by Hutchinson [25] and Rice and Rossengren [26]. However, for small
increments of crack growth, the J-Aa curves appear to be independent of specimen
geometry. For larger crack growth increments, the J-Aa data begins to display a
geometry dependence. Similar results were reported by Gang, et. al. [27]. Based on
scanning electron microscope (SEM) observations, Davidson et al [28], have suggested
that the effective strain very close to the crack tip may be best fitted by a In(r) form and
not the power law form common to the HRR solution. Thus, considering both analytical
results [12,13] and experimental data, it seems clear that large amounts of stable crack
growth do not occur under J-controlled conditions. These findings, and others, have
prompted the search for a geometry independent crack growth criteria for large crack
growth increments under large-scale plasticity.

Wells [5-7] proposed CTOD as a crack growth criterion for elastic-perfectly
plastic materials experiencing large increments of crack growth under large-scale
plasticity. Since the asymptotic limiting value for CTOD at the crack tip is zero, an
extension of the CTOD criterion was then proposed by Rice [29] for a stationary crack;
the crack-tip opening displacement (34s5) was defined to be the opening displacement
where $45° lines drawn from the crack-tip intercept the crack faces. Shih, et. al [10, 30]
defined CTOD as the crack- -tip opening displacement at the original crack tip location.
Hellman and Schwalbe [31-32] used this idea to develop 8s-Aa resistance curves, where
the 85 parameter is the relative displacement of two points Smm above and below the
original fatigue crack tip location.

~ Andersson [3] and de Koning [4] suggested that the crack-tip opening angle,
CTOA, be used as a parameter characterizing the fracture process The CTOA criterion
assumes that a crack will stably tear when the angle made by the crack faces reaches a
critical value. Kanninen [33-35] defined CTOA as the crack-tip opening angle at a fixed
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distance behind the current crack tip location. More recently, Demofonti and Rizzi [36)
and Newman et al [37] have obtained experimental data that indicates that CTOA
decreases to a constant value after a small amount of crack growth (about equal to the
sheet thickness), Computational studies of stable crack growth were performed by
Newman et al [38, 39] and Brock and Yuan [40] to assess the viability of a CTOA-based
fracture criterion for numerical simulations, Both investigators determined that the use of
a critical CTOA value in numerical modeling of crack growth was viable. In particular,
Brock and Yuan found that specimen geometry had little effect on the CTOA-Aa curves.
For fully plastic crack growth, CTOA was found to reach a stable phase when plasticity
extended throughout the uncracked ligament. The stable phase was preceded by a large
decrease in CTOA during the early stages of crack growth.

The objective of this study is to examine the stable tearing behavior in thin-sheet
2024-T3 aluminum alloy in M(T) and C(T) crack configurations. Surface CTOA values
were measured by two independent techniques: far-field optical microscopy and digital
image correlation. The critical CTOA criterion and an elastic-plastic, two-dimensional
finite element analysis were used to simulate stable crack growth for the M(T) and C(T)
configurations.

Experimental Procedure

Fracture tests were conducted on 2.3mm thick 2024-T3 aluminum alloy . The
yield stress and ultimate strength of the material was 345 and 490 MPa, respectively.
Middle crack tension, M(T), and compact tension, C(T), specimens were fatigue cycled at
low stress levels (to obtain a sharp crack tip), and then fractured under displacement

control.

Fracture Tests

The M(T) and C(T) specimen configurations are shown in Figure 1. All
specimens were cracked in the L-T orientation (i.e., the load was applied in the
longitudinal or rolling direction and the crack was in the transverse direction or
perpendicular to the longitudinal direction). The M(T) specimens were fatigue cycled at
a stress range of AS = 34.5 MPa (R=0.02) until the total crack length was 25.4mm (crack-
length-to-width ratio, 2a/w =0.33). The C(T) specimens were fatigue cycled at a load
range of AP = 1.36 KN until the crack length was 61mm (&), =0.4). The stable tearing
tests were conducted using displacement control. The rate of displacement was
0.002mm/sec. Friction grips were used for the M(T) specimens and pin loading for the
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C(T) specimens. Buckling constraints were used for the C(T) tests. During each test,
measurements of all or some of the following parameters were made: load, crack length,
load-line displacement, local crack-tip displacements, and surface CTOA.

Displacement Measurement Techniques

* Load-line displacement V) and local crack—tip displacements were measured for
each specimen type The load-line displacements for the C(T) specimens were measured
from the pm dlsplacements The load-line displacements for the M(T) specimens and the
the dlgltal 1mage correlauon (DIC) technique.

The DIC setup includes (a) a video camera, (b) a 200mm lens wrth 2X magnifier
and several extensron tubes, (c) a translation stage for positioning the video camera and
followmg the gro _xmg crack d a vrdeo monitor to view the crack tip region, (e) a video
board to dxgmze 1mages and (f) a mrcrocomputer with software for controlling image
acqmsmon and stormg 1mages The resolution of the camera is approximately 8yim over
an image area of approximately 4.1x4. lmm To make measurements using the DIC
techmque the specrmen surface was coated with a high contrast random pattern. A small
region, or subset, is identified in a reference image and the relative displacement of that
same subset in subsequent images is calculated. Details of the DIC technique are given
in References 41 45

The local crack tlp opemng dnsplacement (80) is measured by calculatmg lhe
relative displacements of subsets located above and below the crack plane at a distance of
0.98mm to 1.02mm behind the original fatigue-sharpened crack tip. The reference image
was captured at zero load. Note that 8¢ is not precisely the same as 85 since 8 is
measured very close to the crack line and 85 is measured at points £5mm from the crack
line. For M(T) load-line displacements, the subsets are located at the centerline of the
specimen. For all experiments involving v or 8g measurements by DIC, the subset size
was a square of approximately 0.12mm by 0.12mm.

CTOA Measurement Techniques

... The critical CTOA during stable tearing was measured by direct observation of
the surface using an opucal microscope (OM). The DIC technique was also used to
measure CTOA in several tests. The OM and DIC methods were used simultaneously on
opposite sides of the specimen.



The OM setup includes (a) a long focal length microscope, (b) a video camera
used to obtain images of the stably tearing crack, (c) a video recorder to store the images
and (d) a PC with monitor and software to precisely control the three-dimensional
positioning of the long focal length microscope and to analyze the images to obtain
CTOA. The resolution of the microscope was approximately 4itm over an image area of
approximately 2x2mm. To obtain clear images of the crack using the OM, the surface of
the specimen was polished to a mirror finish. Lighting of the crack region was carefully
controlled so that the crack tip region had optimum contrast and clarity. Three typical
images obtained using the OM are shown in Figure 2. In the first image, Figure 2a, a
fatigue crack was grown about 0.75mm under stable tearing. The second and third
images, Figure 2b and 2c, contain the same crack after stable tearing of about 1.3mm and
6.0mm, respectively.

The CTOA is measured by recalling an individual image recorded on video tape
and (a) locating the crack tip, (b) locating points on both crack surfaces in the range of
0.25-1.25mm bcehind the crack tip, (c) connecting straight lines between the crack tip and
pairs of points and (d) computing the angle, y, between each pair of straight lines. The
value of CTOA for a given crack length is defined to be the average of 3-10 sets of lines.

The DIC measurement of CTOA calculates the relative displacement of two
subsets located above and below the crack plane at a distance of 0.25-1.25mm behind the
crack tip. The reference image is captured just prior to crack growth and the second
image is captured during stable tearing, as shown in Figures 3a and 3b. The CTOA is
calculated from the relative displacement of the two subsets and the distance from the
crack tip to the subsets. Additional details on use of the DIC method for calculating
CTOA are provided in Reference 46.

Crack Tunneling Measurement Technique

The extent of crack tunneling during stable tearing was measu\;'ed from
examination of fracture surfaces. The M(T) and C(T) specimens were fatigue cycled, as
described above, to obtain a sharp crack tip. The cracks were then grown a limited
amount under displacement controlled stable tearing, then fatigue cycled at 60-80% of the
observed maximum load during stable tearing using a stress ratio of R=0.8. The different
damage mechanisms (low crack growth rate fatigue and stable tearing) result in distinctly
different fracture surface appearances.



Finite Element Analysis

The elastic-plastic finite element code ZIP2D [47] was used to predict the stable
tearing behavior in the M(T) and C(T) fracture tests. The program uses 3-noded, constant
strain triangular elements, uses the critical CTOA criterion to extend the crack, and
approximates constraint with the use of a plane strain core of elements. The elastic-
plastic analysis employs the initial-stress concept [48] based on incremental flow theory
and small strain assumptions. A multi-linear representation of the uniaxial stress-strain
curve for 2024-T3, with the data given in Table I, was used in the analysis with a von
Mises yield criterion.

Finite Element Code and Meshes

The M(T) and C(T) configurations had the same minimum element size (d =
0.48mm) along the line of crack extension. Symmetry conditions required that only half
of the C(T) specimen and a quarter of the M(T) specimen be modeled with one axis of
symmetry along the crack line. Normally, the nodes along the crack line and ahead the
crack tip are fixed, while those behind are free. This analysis used fictitious springs
along the crack line to change boundary conditions associated with crack extension. The
spring stiffnesses were set equal to zero for the nodes behind the crack tip and assigned
extremely large values for the nodes ahead of the crack tip. Reference 37 contains the
details of the elastic-plastic finite element analysis used in this work.

In all analyses, the initial crack length was set equal to the notch length. Cyclic
loads were then applied and the crack was extended one element length at the maximum
load of each cycle. Monotonic loading (under displacement control) was applied to
simulate fracture. Crack growth by stable tearing was governed by the critical CTOA
criterion.

Critical CTOA Criterion

The critical CTOA (y.) criterion is equivalent to a critical CTOD (3;) value at a
distance behind the crack tip equal to two element lengths.

ve =2 tan(3hy) (1)

The crack-tip node was released and the crack advanced to the next node whenever
CTOA equaled or exceeded a preset critical value () during incremental loading. This

process was repeated until crack growth became unstable under load control or the crack
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reached a desired length under displacement control. The critical CTOA value (y.) was
determined experimentally from surface measurements made using both the OM and DIC
techniques.

Plane Strain Core

A two-dimensional finite element analysis can model the structure as either plane
stress or plane strain. Structures constructed of thin-sheet material exhibit predominately
plane stress behavior. However, local to the crack tip, the constraint can approach plane
strain conditions [14]. To approximate this local plane strain behavior, a "core" of
elements above and below the crack plane were assigned plane strain behavior while all
other elements were assigned plane stress behavior, as illustrated in Figure 4. The height
of the plane strain core was Smm, roughly twice the thickness of the specimens. This
core height was determined from comparison of the calculated and experimental 8y and

load-line displacements.

Results and Discussion

The elastic-plastic finite element code, with the critical CTOA fracture criterion
and plane strain core elements, was used to predict the stable tearing behavior for M(T)
and C(T) specimens made of 2.3mm thick 2024-T3 aluminum alloy. The analysis
predicted the maximum load, crack extension, load-line displacement, and &y for stably
tearing cracks. The critical CTOA was obtained from experimental measurements made
on a stably tearing crack. Measurements of the crack front shape for the stably tearing
crack were made from macroscopic observations of the fracture surfaces.

CTOA Measurements

Surface CTOA measurements of stably tearing cracks were made for M(T) and
C(T) specimens using the OM and DIC techniques. Results are shown in Figure 5. The
CTOA behavior for the two specimen configurations was indistinguishable. During the
initial stages of surface crack growth (crack extensions less than the specimen thickness),
the CTOA rapidly decreased from a maximum of 12°-22° to a constant value of about 6°.
The constant CTOA value of 6°, with experimental scatter of £1°, was maintained for all
crack extensions greater than the specimen thickness (= 2.3mm). Excellent agree:ment
existed between the surface CTOA measured using the OM and the DIC techniques.



Crack Tunneling

An examination of the fracture surfaces was conducted to investigate the early
CTOA trends. A distinct change in the macroscopic appearance of the fracture surface
occurs when the loading changes from fatigue cycling to stable tearing. A scanning
electron microscope (SEM) photograph of a typical fracture surface from a M(T) test
with fatigue cycling followed by stable tearing is shown in Figure 6. The fracture surface
from a C(T) test would appear qualitatively the same as that of the M(T) test.

In the SEM photograph shown in Figure 6, the stable tearing regions appear light
and the fatigue reglons appear dark. The interface between the dark (fatigue) and light
(stable tearmg) region denotes the crack front profile before stable tearing. Also a
second distinct change occurs when the loading is changed from stable tearing to high-R
fatigue cycling, marking the crack front profile after stable tearing. (Note, that to the
unaided eye, the fatigue region appears light and highly reflective, while the stable
tearing region is dull and dark.) The interfaces between the different regions were
digitized for several fracture tests. 7

Sequences of crack front profiles from the M(T) and the C(T) tests, wlth
mcreasmg amounts of stable crack extension, are shown in Figure 7. The crack fronts
shown in Figure 7 represent trends for crack extension rather than the progression of a
single crack front since each came from a different fracture test.

In the M(T) tests, the cracks grew, on average, about 0.12mm more in the interior
than on the surface during the initial fatigue cycling, as indicated by the first profile in
Figure 7a. The second crack front showed that stable tearing crack growth began in the
specimen interior. This crack front revealed no surface crack extension but the interior
grew 0.5mm. The next four crack fronts indicate that the extent of tunneling (defined as
the difference between the interior crack length and the surface crack length) increased
with surface crack extension. The extent of tunneling peaked at about 1.6mm, after about
Imm of surface crack extension and then decreased for surface crack extension up to
4mm. The extent of tunneling stabilized at about 0.5mm for surface crack extensions
greater than 4mm.

In the C(T) tests, the crack grew, on average, about 0.32mm more in the interior
than on the surface during the initial fatigue cycling, as indicated by the first profile in
Figure 7b. The crack growth again began in the interior and the next two crack fronts
showed a substantial amount of crack growth in the interior with only a small increase at
the surfaces. The next two crack fronts indicate that the extent of tunneling increased
with surface crack extension. The extent of tunneling peaked at about 2.8mm, after about



2mm of surface crack extension, and then decrcased for surface crack extensions greater
than 4mm. The extent of tunneling stabilized at about Imm for larger surface crack
extensions.

The extent of tunneling that developed during stable tearing is shown in Figure 8§,
where the normalized extent of tunneling (the difference between the interior crack length
and the surface crack length (a; - a) divided by the thickness (B)) is plotted as a function
of surface crack extension (Aag). To illustrate the trends in the crack tunneling behavior,
curves were faired through the data shown in Figure 8. The tunneling in the M(T) tests,
peaked at about (a;- a;)/B=0.7 (70% of the specimen thickness) after about Imm of
surface crack growth and dropped off to about 0.2 for crack extensions greater than Imm.
The tunneling in the C(T) tests peaked at about (a; - a5)/B=1.2 (120% of the specimen
thickness) after about 2mm of surface crack growth and dropped off to about 0.3 for
longer crack extensions greater than 2mm.

As shown in Figures 7 and 8, the tunneling diflferences between M(T) and C(T)
specimens are only significant for crack extensions less than twice the thickness
(Aag<d4.6mm). This is consistent with the higher initial constraint present in a C(T)
specimen [16]. During crack growth, the constraint differences between M(T) and C(T)
specimens will decrease as yielding progresses through the thickness and throughout the
remaining ligament.

In addition to crack tunneling, the crack front transitions from flat-to-slant
fracture. The transition occurred over a distance roughly equal to two thicknesses (Aa<
4.6mm) in the M(T) specimens. The transition distance in the C(T) was specimens
slightly longer than in the M(T) specimens.

Crack Extension and Displacement Measurements and Calculations

Thirteen identical M(T) fracture tests and six identical C(T) fracture tests were
conducted. The M(T) fracture tests had a 2.5% variation in the maximum applied stress,
while the C(T) fracture tests had a 8.3% variation in the maximum applied load, as
summarized in Tables 2 and 3.

The critical CTOA fracture criterion and a two-dimensional, elastic-plastic finite
element analysis were used to calculate the maximum applied load, crack extension
behavior, 8¢ and load-line displacements. The stabilized surface CTOA value of 6°, as
measured by the OM and DIC methods, was used as the critical angle. The size of the
plane strain core used in the finite element analysis was established by finding the size
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that produced the best agreement between calculated and measured load-line and &
displacements.

- The loéd line and 8y displacement behavior for two C(T) specimens are shown in
Figures 9 and 10 respectively. The plane stress finite element calculation overpredicted
the experlmentally measured maximum applied load by about 15% and overpredlcted the
displacements by as much as 40%. The addition of a plane strain core of elements (half-
height of 2.5mm) decreased the calculated maximum applied load to a value equal to the
average value of 6 tests and resulted in a very good agreement between the calculated and
measured displacements, as shown in Figures 9 and 10.

The load-line and 8 displacement behavior for the M(T) specimens are shown in
Figures 11 and 12, respectively. The plane stress finite element calculation slightly
underpredicted the experimentally measured maximum applied load and overpredicted
the &y displacement. The addition of a plane strain core of elements (half height of
2.5mm) resulted in a very good agreement between the calculated and measured load-
displacement behavior, as shown in Figures 11 and 12.

~ Figure 13 shows a comparison of the calculated and measured crack extension
behav1or of four identical C(T) fracture tests. The plane stress analysis over predicted the
maximum apphed Tload by about 15%. The plane strain core analysis agreed well with
the measured load-crack extension behavior. At peak load, the plane strain core
calculation falls in the middle of the experimental scattér of the C(T) measurements.
After peak load, the crack extension behavior calculated osing the plane strain core has
the same shape as the expenmental measurements, but falls along the top of the scatter
band of the data.

Flgure 14 shows a companson of the calculated and measured crack extension
behavior for thirteen identical M(T) fracture tests. Both the plane stress and plane strain
core analyses agree well with the experimental measurements. The analyses tend to
slightly overpredict the initial crack extension (Aa<2mm). However, the experimental
measurements were made from surface observations and significant crack tunneling was
shown to occur in this region. The analyses accurately describe the crack extension
behavior beyond the peak stress.

The calculation of load-displacement and load-crack extension behavior for the
C(T) specimen was strongly influenced by the state of stress along the crack plane.
Using the experimentally measured critical CTOA value of 6°, the plane stress analysis
overcalculated both load and local displacements associated with stable tearing. The
analysis of the M(T) specimen indicated only a minor influence of the state of stress on
the calculated load and local displacements.
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Concluding Remarks

The stable tearing behavior of thin sheets of 2024-T3 aluminum alloy was

investigated for middle crack tension, M(T), and compact tension, C(T), specimens.

Results of this study are as follows:

1

()

3

C))

&)

The measured CTOA behavior for the M(T) and C(T) specimens was nearly
identical. Both had high CTOA values for initial crack growth (Aa<2.3mm) and
stabilized at a value of about 6° for crack extensions greater than about 2.3mm, a
length approximately equal to the specimen thickness.

Both the M(T) and C(T) specimens exhibited substantial crack tunneling during
the early portion of stable tearing (Aa<2.3mm). The maximum tunneling of the
C(T) specimens was almost twice that of the M(T) specimens. This increase is
consistent with the increased constraint present in C(T) specimens during the
initial crack growth.

A two-dimensional, elastic-plastic finite element model was used to calculate the
maximum applied load and local displacements for M(T) and C(T) fracture tests.
The finite element model used a constant CTOA crack growth criterion (critical
CTOA of 6°) and a plane strain core of elements (Smm high) for both specimen
configurations. For the analyses with the plane strain core, the calculated
maximum loads were within 2% for the M(T) and 4% for the C(T) fracture tests,

" and the local displacement predictions agreed with the magnitude and trends of

the experimental measurements.

The use of a plane strain core of elements along the crack plane was essential to
accurately model the load-crack extension and load-local displacement behavior
in both the M(T) and C(T) specimens. The plane strain core had a much greater
influence on the behavior of the C(T) than on the M(T) specimen.

Despite significant three-dimensional effects, such as crack tunneling and the flat-
to-slant transition, the two-dimensional finite element analysis was successful in
simulating stable tearing behavior.
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. Table 1
Multi-Linear Representation of the Uniaxial Stress-Strain Curve for 2024-T3

] €
(MPa)
345 0.00483
390 0.015 E = 71,400 MPa
430 0.04
470 0.1 v=0.3
490 0.16
490 0.2
Table 2
Summary of 13 M(T) Fracture Tests
Maximum Applied
Load
(KN)
Highest of 13 tests 42.0
Average of 13 tests 41.5
Lowest of 13 tests 40.9
Calculated 41.8
(Plane Strain Core)
Calculated 40.2
(Plane Stress)
Table 3

Summary of 6 C(T) Fracture Tests

Maximum Applied

Load

(KN)

Highest of 6 tests 10.4
Average of 6 tests 10.1
Lowest of 6 tests 9.6
Calculated 10.1
(Plane Strain Core) _
Calculated 11.7

(Plane Stress)
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Figure 1. M(T) and C(T) specimen configurations.
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OM image after about 6mm of stable tearing

Figure 2 Typical OM images and CTOA measurements tor stable tearing
cracks in 2.3mm thick 2024-T3 aluminum alloy.
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Figure 3 Images of a stably tearing crack obtained from the DIC methbd and the

subsets used to obtain the CTOA.
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Figurec 4 Schematic of the plane strain core.
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Figure 5 Surface crack-tip opening angles (CTOA) measured using the optical
microscopy (OM) and digital image correlation (DIC) methods for the
M(T) and C(T) spccimens.
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Figure 6. Scanning electron microscope photographs of the fracture surface of a

M(T) specimen showing the different appearances of the fatigue crack
growth and stable tearing regions.

23



crack front after fatigue crack growth
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Figure 7. Crack front profiles after stable tearing for the M(T) and C(T) fracture
T tests.”

24



Stable Tearing Fatigue
o ° M(T)
u] | C(T)

= Faired curves

0.6

"Il'l'l'l"lllll!l

0.4

0.2

(mm)

Figure 8. The extent of crack tunneling for the M(T) and C(T) fracture tests.
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Figurc 9. The experimentally measured load-line displacement as a function of the

remote load and the two-dimensional, finite clement analysis calculation
for two C(T) fracture tests.
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Figurc 11. The experimentally measured load-line displacement as a function of the

rcmote load and the two-dimensional, finite clement analysis calculation
for three M(T) [racture tests.
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load and the two-dimensional, finite clement analysis calculation for a
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