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Abstract 
The CTOAICTOD fracture criterion is one of the oldest 
fracture criteria applied to hcture of metallic materials 
with cracks. During the past two decades, the use of 
elastic-plastic finite-element analyses to simulate 
fracture of laboratory specimens and structural 
components using the CTOA criterion has expanded 
rapidly. But the early applications were restricted to 
two-dimensional analyses, assuming either plane-stress 
or plane-strain behavior, which lead to generally non- 
constant values of CTOA, especially in the early stages 
of crack extension. Later, the non-constant CTOA 
values were traced to inappropriate state-of-stress (or 
constraint) assumptions in the crack-front region and 
severe crack tunneling in thin-sheet materials. More 
recently, the CTOA fracture criterion has been used 
with three-dimensional analyses to study constraint 
effects, crack tunneling, and the fracture process. The 
constant CTOA criterion (from crack initiation to 
failure) has been successfully applied to numerous 
structural applications, such as aircraft fuselages and 
pipelines. But why does the "constant CTOA" fracture 
criterion work so well? This paper reviews the results 
from several studies, discusses the issues of why CTOA 
works, and discusses its limitations. 

Introduction 
In the past, the phenomenon of stable crack growth in 
metallic materials under mode I (tensile) loading has 
been studied extensively using elastic-plastic finite- 
element methods (e.g., Refs. 1-6). These studies were 
conducted to develop efficient techniques to simulate 
crack extension and to study various local and global 
fracture criteria. Some of these criteria were crack-tip 
stress or strain, crack-tip-opening displacement or 
angle, crack-tip force, energy-release rates, J-integral, 
and the tearing modulus. Of these, the critical crack- 
tip-opening angle (CTOA, y,) or displacement (CTOD) 
at a specified distance from the crack tip was shown to 
be the most suited for modeling stable crack growth and 
instability during the fracture process (e.g., Refs. 3-8). 
However, some discrepancies among the various 
analyses have been observed at initiation of stable crack 
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growth. Early results from de Koning showed that 
CTOA was nearly constant from initiation. But Shih et 
aL3, Kanninen et aL4, Brocks and Yuan 6, and Newman 
et a].' using two-dimensional finite-element analyses 
(plane stress or plane strain), showed that CTOA at 
initiation was larger, and in some cases much larger, 
than the value needed for stable crack growth, as shown 
in Fig. 1. These results were obtained by matching the 
finite-element analyses with measurements made of load 
against crack extension or remote displacement against 
crack extension. Using the second procedure, Brocks 
and Yuan showed that the critical CTOA for a thick 
aluminum alloy was higher near crack initiation but was 
roughly constant during stable tearing. For a thinner 

8 aluminum alloy , the solid symbols show the high 
CTOA values near crack initiation, but the values 
approach nearly a constant after about one thickness of 
crack extension. 

20 Shih et al. [3] 
A533B B = 12.7 mm 

Newman et al. [A 
A5338 B = 2.5 mm 

CTOA, 
yfc. degs. 10 

I 
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Kanninen et al. [4] 
2219-T87 B = 6.35 mm 

" 
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Crack extension, Ac, mm 

Fig. 1 - Calculated critical CTOA values of various 
materials using elastic-plastic finite-element analyses. 

In spite of the non-constant CTOA values shown 
by these early studies, Newman used a constant CTOD 
(or CTOA) from compact specimens to model crack 
initiation, stable crack growth and instability. These 
critical values were then used to predict failure loads on 
two other crack configurations within 5% of the test 
loads for two aluminum alloys and within 10% of test 
loads for a very ductile steel. Other researchers have 
also found that, for various materials and thicknesses, 
CTOD or CTOA was nearly constant after a small 
amount of crack extension using two-dimensional finite- 
element analyses. 
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Later, the non-constant CTOA (or CTOD) values 
in the early stages of crack extension were traced to 
inappropriate state-of-stress (or constraint) assumptions 
in the crack-front region and severe crack tunneling in 

10 thin-sheet aluminum alloy materials . More recently, 
the CTOA criterion has been used with three- 
dimensional analyses "*" to study constraint effects, 
crack tunneling, and the fracture process. The constant 
CTOA criterion has also been successfully applied to 
numerous structural applications, such as aircraft 

14 16 fuselages , complex structures 15, and pipelines . 
But why does the "constant CTOA" fracture criterion 
work so well? This paper will review the results from 
several of these studies, discuss the issues of why 
CTOA works, and discuss its limitations. 

Measurements of CTOA 
Numerous investigators have experimentally measured 
CTOD or CTOA during the fracture process. 
Luxmoore et al." have experimentally shown that 
CTOA (or CTOD) was constant fiom the onset of stable 
crack growth in two aluminum alloys, but have found 
different values for different crack configurations. 
These results show the necessity for studying different 
crack configurations when assessing the validity of any 
fracture criteria. Paleebut I*  measured CTOD at the 
initiation of stable tearing in compact specimens made 
of two aluminum alloys; and these results agreed well 
with numerical values (see Ref. 5) obtained on the same 
materials. Reuter et al.I9 measured CTOD, using 
microtopography, at the initial crack front location and 
found a nearly linear relation with crack extension for 
low-strength steel. These results imply that CTOA was 
nearly constant fiom initiation. 

Dawicke et a~.""~, using a high-resolution 
photographic camera with a video system, has shown 
that the critical CTOA values during stable crack 
growth (see Fig. 2) in a thin-sheet aluminum alloy were 
nearly constant after a small amount of tearing. The 
critical CTOA values measured on thin-sheet aluminum 
alloy for both middle-crack tension M(T) and compact 
C(T) specimens is shown in Fig. 3 as a function of 

surface measured crack extension, Ac,. The C(T) 
specimen is primarily a bend specimen and the results 
show that both tension and bend specimens produce 
nearly the same critical CTOA after a small amount of 
crack extension. The non-constant CTOA region 
(measured at the free surface) has been shown to be 
associated with severe tunneling during the initiation of 
stable tearing. Dawicke and Sutton 'O have also 
compared the high-resolution photographic method and 
a digital-imaging correlation method to measure the 
surface CTOA values. These two methods gave very 
similar CTOA values for thin-sheet aluminum alloys. 

CTOA, 
vc, degs. 6 

4 

2024-T3 (LT) [I 11 5.8 degs. 
2 + , = 2.3 mm 

Crack extension. Acg;mm 

Fig. 3 - Measured critical CTOA values from thin-sheet 
aluminum alloy specimens. 

More recently, Mahmoud and Lease *' used these 
two experimental methods (optical and digital imaging) 
to measure surface CTOA values on 2024-T351 
aluminum alloy from 2 to 25 mm thick. Their results 
also showed that CTOA was nearly constant after a 
small amount of crack extension over a wide range in 
thickness. The non-constant CTOA region and the 
scatter in measured CTOA values became smaller for 
thicker specimens, as shown in Fig. 4. 

The measured critical CTOA values for a given 
material thickness has been shown to be independent of 
in-plane configuration and loading. These measure- 
ments have been made on configurations where the - 
crack length, c, and uncracked ligament, b, have been 
large compared to thickness, B. But the critical CTOA 
is a function of absolute material thickness and the 
crack-front constraint. Three-dimensional, elastic- 
plastic finite-element analyses have been used to 
calculate a global constraint factor, %, for a stationary 
or moving crack front in finite-thickness bodies. The 
constant CTOA measurements made on various 

Fig. 2 - Video image of sibly tearing crack in a thin- specimen types appear to correspond to the same global 

sheet aluminum alloy. constraint factor, as long as the crack length or 
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uncracked ligament is greater than or equal to about 4 
times the thickness. These results are discussed later. 

CTOA. 1 8 
wc, degs. 

4 

t yfc = 4.5 degs. 

0 10 20 30 

Crack extension, Acs, mm 

Fig. 4 - Measured critical CTOA values from a thick- 
plate aluminum alloy compact specimens. 

Finite-Element Analvses 
Some of the problems associated with the early finite- 
element analyses using the CTODICTOA fracture 
criterion, such as the large values of CTOA at crack 

4 initiation found by Shih et a ~ . ~ ,  Kanninen et al. , and 
others 6'7 were traced to using either plane-stress or 
plane-strain conditions around the crack tip and severe 
tunneling in the thin-sheet materials. Newman et al? 
and Dawicke et aL2" using two-dimensional analyses 
with a plane-strain core, and Dawicke et al." and 
Gullerud et al.I3, using three-dimensional analyses, 
demonstrated that the fracture process for both thin and 
thick materials is three dimensional and that proper 
constraint effects must be modeled around the crack 
front to obtain accurate failure predictions using the 
constant critical CTOA value. More recently, Young et 

14 al. and Seshadri et al.15 successfully used a finite- 
element shell code (STAGS 23) and the CTOA failure 
criterion with the plane-strain core to predict failure of 
complex structural configurations made of thin-sheet 
aluminum alloys. These configurations had either 
single or multiple cracks in flat or curved stiffened 
panels that failed with severe out-of-plane deformations. 

to fit experimental test data (25-mm thick steel) using 
the critical CTOD fracture criterion (equivalent to the 
CTOA criterion). But a hybrid analysis with a core of 
plane-strain elements around the crack tip and plane- 
stress elements elsewhere was able to fit the test data 
quite well. 

The influence of the state-of-stress on fracture is 
illustrated in Fig. 5. Fracture results from various width 
middle-crack tension specimens (restrained from 
buckling) are shown as symbols 24. The failure stress is 
plotted against specimen width for 2ci1W = 113. Using 
a 2-D elastic-plastic, finite-element analysis, a critical 
angle (vc) of 4.7 degrees with a plane-strain core of 1.9 
mm was determined, by trial-and-error, to best fit the 
data (solid curve). The plane-strain core half-height 
(h,) is measured from the crack plane to the height of 
the core. Elements within this core had plane-strain 
conditions. The upper dashed curve shows calculations 
made with all plane-stress elements with yc = 4.7 
degrees. The shape of the curve is such that it would 
not be able to fit the failure stresses on all of the 
specimens. Likewise, the lower dashed curve is the 
results from plane-strain analyses. Here the analyses fit 
the smaller specimens but under predicts the failure 
stresses on the larger specimens. Thus, the fracture 
process is a 3-D problem and the "plane-strain core" 

-- 
concept allows 2-D analyses to accurately simulate the 
fracture process. The plane-strain core (h, about equal 
to the thickness) models the high constraint around a 
crack tip but allows for the widespread plastic yielding 
under plane-stress conditions away from the crack tip. 

Failure 
stress, 
Sf, MPa 

- 221 ST87 [24] 

B = 2.54 mm 
2 c p  = 113 

Plane stress -----_ 
Plane-strain core 

- 
ZIP2D Analyses: '\ .- 
-- - Plane stress --z 

-- Plane strain 
Plane strain - ' 

50 t- Plane-strain core 
(vc = 4.7 deg.; h, = 1 .Q mm) 

Specimen width, W, rnm 
Two-Dimensional Analvses 
In the past, two-dimensional (2-D) elastic-plastic finite- Fig. - Measured and stresses for 
element analyses, under plane-stress or plane-strain M(T) specimens as a function of specimen width. 

conditions, were used to study stable tearing in various 
materials. The results indicated that CTOA was high at Three-Dimensiona' 

crack initiation and dropped with crack extension. The Although 2-D finite-element codes have been able to fit 
results were discouraging and indicated that CTOA was the failure stresses for various width specimens using 
not a constant. However, Newman et found that the ''plane-strain core" concept, the fracture process is 
neither plane-stress nor plane-strain conditions was able three dimensional. Figure 6 illustrates how a 3-D code, 
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ZIP3D ", can simulate fracture without resorting to an 
additional parameter, like the plane-strain core. The 
critical CTOA value of 5.25 degrees was determined 
from compact specimens 12. This value was then used 
to predict the failure stresses on various width M(T) 
specimens with an initial crack-length-to-width ratio 
(2ci/W) of 113. The predicted failure stresses were 
within a few percent of the measured failure stresses on 
specimens ranging in width from 30 to 6 10 mm. Again, 
2-D analyses were also performed to illustrate the 
inadequate behavior predicted by either plane-stress or 
plane-strain analyses. As shown in Fig. 5, the 2-D 
analyses were unable to predict the fracture behavior of 
the wide range in specimen widths. The difference 
between plane-stress and plane-strain predictions 
became larger for wider specimens. In the 3-D 
analyses, the crack was modeled as a flat, straight- 
through crack, like that for a 2-D analysis. But, the 
primary difference between the 2-D and 3-D analyses is 
the ability of the 3-D analyses to capture the local stress 
triaxiality near the crack fiont, while modeling plane- 
stress deformations away from the crack. 

'lane strain 
300 

Failure 
200 

J Plane stress -. 
\--kii- ,--- L--- - 

stress. t 
Y '  

3-D -- 
Sf, MPa 150 

2024-T3 [I21 Average (4 to 5 tests) 
B = 2.3 mm - 3-D (ZIPSD) 

50 yrc= 5.25 deg. - -  
loo I Plane strain (ZIPZD) -- Plane stress (ZIP2D) 

Specimen width, W, mm 

Fig. 6 - Measured and calculated failure stresses for 
different state-of-stress conditions. 

Figure 7 shows the measured and calculated load- 
against-crack extension behavior for the 6 10-mm wide 
M(T) specimens from Fig. 6. The applied stress is 
plotted against crack extension, Ac,, measured on the 
free surface. Both 2-D and 3-D analyses tend to over 
predict crack extension in the early stages of stable 
tearing. But the 3-D analysis was able to accurately 
match crack-extension behavior for the remainder of the 
test. A 2-D analysis 26 with the plane-strain core (not 
shown) agreed well with the 3-D analysis from crack 
initiation to well beyond the maximum load. The 
discrepancy between the tests and analyses in the early 
stages of crack extension has been intensely studied in 

the last decade. It has been observed 'O'" that severe 
crack tunneling occurs in the early stages of stable 
tearing for thin-sheet aluminum alloys. But, is the 
analysis over predicting crack extension or is the 
measured crack extension on the free surface under 
estimating the true damage? 

plane strain 
stress, I b/ 

s'Mpa lo0I 2024-T3 (LT) 0 Test I 
B = 2.3 mm Test 2 
W=610mm - 3-D (ZIPSD) 

50 2 c P  = 113 -- Plane stress I I yrc= 5.25 deg. - - Plane strain 

Crack extension, Ac,, mm 

Fig. 7 - Measured and calculated applied stress against 
crack extension for different state-of-stress conditions. 

Crack tunnel in^ and Analvses 
Fatigue-crack growth tests conducted on thin-sheet 
aluminum alloys produce crack fronts that are only 
slightly tunneled. But during a fracture test, the crack 
front severely tunnels in the interior of the specimen, 
presumably due to the high (plane-strain) constraint. 
But the crack front lags at the free surface because of 
low (plane-stress) constraint conditions. Tunneling can 
be very severe in the early stages of stable tearing, with 
tunneling on the order of the sheet thickness or more 20. 

Once a crack front goes from flat fracture to shear-mode 
fracture (fracture surface 45 degrees through the 
thickness), the crack front tends to straighten out with 
only slight tunneling. This behavior is characteristic of 
2024-T3 aluminum alloy sheet in the LT-orientation 
(crack perpendicular to rolling direction). However, for 

I I the 2024-T3 alloy in the TL-orientation , the crack 
surfaces always remained flat (no shear-mode fracture) 
and the crack tore with a severe tunnel, as shown in Fig. 
8(a)- 

Dawicke et al." used the three-dimensional, 
elastic-plastic, finite-element analysis code (ZIP3D) to 
model crack tunneling during the fracture of the 2024- 
T3 alloy in the TL-orientation. A large number of 
fracture tests were conducted to determine the amount 
of crack extension and tunneling (crack-front shape) at a 
given applied stress. A finite-element mesh was then 
constructed with five layers of elements through the half 
thickness. The smaller element thicknesses were placed 
near the free surface of the specimen. The crack-front 
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shapes (element nodes through the thickness) were 
adjusted to match, as close as possible, the actual crack- 
front shapes observed in the tests. For each crack-front 
shape, an applied stress was assigned based on the 
measured load-surface-crack extension test results. 
During the fracture simulation, stable crack growth was 
simulated by allowing the crack to grow when the 
applied stress reached the predetermined levels. In the 
simulation, the entire crack front was allowed to 
advance one node when the applied stress reached the 
predetermined value corresponding to the current crack 
length at the surface. The displacements of the nodes 
behind the crack front on the crack plane were 
monitored to calculate the crack-tip-opening angle 
(CTOA). These results are shown in Fig. 8(b). 

Ac, mm 
(a) Measured crack-front shapes. 

12 

10 

8 

'4% 6 
degs. 

4  

-- Scatterband surface - 
measurements 

\ + z/B = 0 (mid-plane) 
--6-- z/B = 0.125 
+ z/B = 0.25 
+ z/B = 0.375 
--0-- d B  = 0.45 
+ z/B = 0.5 (surface) 

2024-T3 (TL) [1 I] 
6 = 2.3 mm 

0 1 2 3 4 5 6 7  

Crack extension, Ac, mm 

(b) Computed CTOA values. 
Fig. 8 - Three-dimensional fracture simulation of crack 
tunneling and determination of critical CTOA. 

The dashed curves in Fig. 8(b) show scatter-bands on 
experimental measurements made at the free surface of 
the specimens using the high-resolution photographic 
method 'O. The symbols show CTOA values calculated 
at the free surface (dB  = 0.5), at different locations 
through-the-thickness, and at the mid-plane location 
(dB = 0). The tunneled crack-front simulation 
exhibited a considerable variation in CTOA through- 
the-thickness during the initial 3-mm of crack extension 
at the specimen surface. The surface CTOA values 
agreed well with the surface measurements. The 

calculated CTOA values decreased through-the- 
thickness to a value of about 3 degrees at the mid-plane. 
After 3 mm of crack extension at the free surface, all 
through-the-thickness calculations of CTOA 
approached an average value of about 4.5 degrees, 
which was the value measured at the free surface. 

The results shown in Fig. 8(b) suggest that the 
high constraint in the interior of the specimen cause a 
low critical angle and that the low constraint on the free 
surface causes a high critical angle. When using either 
2-D or 3-D finite-element analyses with an assumed 
straight through-the-thickness crack, what value of 
critical CTOA should be used in the early stages of 
crack extension? An engineering approach would be to 
assume a constant angle, such as 4.5 degrees. This may 
be a reasonable average value through-the-thickness and 
may be the reason why the constant CTOA fracture 
criterion has been so successful. Conversely, when a 
crack is tunneling, what crack length approximates the 
average length of the tunneled crack? 

27 James and Newman have continued to study 
crack tunneling in a thicker aluminum alloy (2024- 
T351; B = 6.35 mrn) to determine an effective crack 
extension measure. There are, at least, three measures 
of crack extension that can be compared with either 2-D 
or 3-D (straight-through crack) finite-element fracture 
simulations. They are free-surface values, unloading 
compliance values, and area-average values. Figure 9 
shows measurements made on a large compact 
specimen, where the crack remained flat and severely 
tunneled during the complete test, like that shown in 
Fig. 8(b). The solid and open symbols show free 
surface and area-average crack-extension measure- 
ments, respectively. 

load, P, 20 Crack extension: 

- WARP3D (yf, = 6.35 deg.) 
ZlP3D (yf, = 6.8 deg.) 

Fig. 9 - Measured and calculated load against crack 
extension using two measures of crack extension. 
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The area-average values were determined from a 
calibration derived from multiple specimen tests. The 
solid and dashed curves show 3-D finite-element 
analyses made with W A R P ~ D  28 and ZIP3D ", 
respectively. The different critical angles are due to 
WARP3D being a large-strain code and ZIP3D being a 
small-strain code. But the analyses agree quite well 
with each other from crack initiation to large amounts of 
crack extension. As usual, the comparison with the free 
surface measured crack-extension values tended to 
show that either the analyses were over estimating crack 
extension or the surface measurements were under 
estimating the crack-front damage. Using the area- 
average values tended to over correct crack extension in 
the early stages but agree quite well with the analyses at 
maximum load and to large amounts of crack extension. 
Thus, the dilemma is, again, associated with crack 
extension in the early stages, where the fracture process 
is truly three-dimensional. Three-dimensional fracture 
simulations, with crack tunneling, would now be 
required to fit both the surface and interior measured 
crack-extension values. But, from an engineering 
standpoint, the use of a constant CTOA concept to 
average the surface and interior crack-extension values 
in the initial stages of crack extension may be 
reasonable. 

But James et a1.8 made an interesting observation 
about a comparison between 3-D finite-element 
analyses and measurements made of 55-displacements 
during these tests. These results are shown in Fig. 10. 
The Gs-displacements are measured at the original 
crack-tip location using a 5-mrn gage length, as shown 

Original 
crack tip 

Applied 20 8 = 6.35 mm 
load, W = 152mm 

o Test 1 
o Test 2 

- WARP3D vc= 6.35 deg. 
-- ZlP3D vc = 6.8 deg. 

Fig. 10 - Measured and predicted applied load against 
6s-displacement. 

by the insert in Fig. 10. Symbols show measurements 
made on two compact specimens and the curves show 
predictions from the two finite-element codes. The 
displacements measured at the crack-tip location during 
fracture should be very sensitive to crack tunneling. 
Whereas, the calculated load-against-crack extension 
results (Fig. 9) disagreed in the early stages of crack 
extension, the comparisons between the measured and 
predicted load-against-& displacements agreed quite 
well. The large-strain code fit the results slightly better 
than the small-strain code. (In Ref. 8, measured and 
predicted load-against-& displacements made on large 
middle-crack tension specimens using the same critical 
CTOA values also agreed very well.) These results 
suggest that the 3-D analyses, with straight-through 
cracks, are capturing the essence of the 3-D fracture 
process on the average. Because the constant CTOA 
concept fit the 85-displacements quite well, the analyses 
must be following "effective" crack-extension values as 
the crack tunnels. The 3-D analyses must also be 
capturing the constraint variations to match the elastic- 
plastic displacement measurements. 

Returning to the results shown in Fig. 1, if the 
original finite-element fracture simulations had been 
made with 3-D analyses and had been fitted to load- 
against-& displacements, then more constant values o c .  
CTOA may have been calculated. Whether this 
behavior applies in general, must await further 
comparisons. But these results lend support to a 
constant critical CTOA fracture criterion, at least, for 
the aluminum alloys over a certain range of crack length 
and thickness. 

Constraint Effects 
The results shown in Fig. 3 show that the critical CTOA 
values, measured at the free surface, approach nearly a 
constant value after a small amount of crack extension 
and that the value of CTOA is independent of specimen 
type. A bend specimen, C(T), and tension specimens, 
M(T), of various size gave essentially the same results. 
It was expected that the C(T) specimen would have 
higher constraint than the M(T) specimen and result in a 
lower critical CTOA value for the bend specimen. 

In an effort to explain these results, Newman et 
29 al. conducted 3-D elastic-plastic, finite-element 

calculations on various specimen types over a wide 
range of configuration parameters. From this study a 
global constraint factor, %, was developed. The global 
constraint factor was an averaged-normal-stress-to flow- 
stress ratio over the plastic region. Because the global 
constraint factors were found to be nearly independent 
of specimen type for the thinner materials at the same 
stress-intensity factor, it was suspected that the crack- 
length-to-thickness ratio (dB) and uncracked-ligament- 
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length-to-thickness ratio (b/B) were the controlling 
parameters. The constraint factors for all numerical 
results where c/B and b/B ratios are equal to or greater 
than 4 are shown in Fig. 11. The constraint factor is 
plotted against a normalized stress-intensity factor, 
W(O,JB), that is proportional to the plastic-zone-to- 
thickness ratio. Plotting in this way, the results for all 
specimen types, loading, thicknesses, widths, and crack- 
length-to-width ratios collapsed onto nearly a single 
curve. The upper dashed lines show the limiting results 
from plane-strain analyses of the three specimen types. 
The plane-strain solutions are slightly dependent upon 
specimen type at low normalized stress-intensity 
factors. The lower limit appears to be about 1.15 and is 
nearly independent of specimen type. Results from the 
M(T) specimens tended to suddenly drop towards unity 
when the yield region extended across the uncracked 
ligament. The curves are equations fit to the numerical 
results for bend and tension specimens that approach 
the upper plane-strain limit. 

Plane strain M(T) SE(B) DE(T) 

W = 20 to 320 mm 
M v )  B = 1.25 to 20 mm 

2 c p  = 0.3 to 0.7 
c/B and b/B > 4 

Fig. 1 1 - Global constraint factor for various specimens 
with c/B and b/B greater than 4. 

The test specimens shown in Fig. 3 had c/B and 
b/B ratios greater than or equal to 4. Thus, these 
specimens had the same global constraint factor for a 
given applied stress-intensity factor (or plastic-zone size 
to thickness ratio), which may explain why they 
developed the same critical CTOA values. 

For c/B and b/B ratios less than 4, the global 
constraint factors were found to be a function of 
specimen type, loading, thickness and width; and they 
were not uniquely related to the normalized stress- 
intensity factor. Thus, for c/B and b/B less than 4, the 
critical CTOA values may be a function of specimen 
type, with the C(T) specimen having a higher constraint 
factor than the M(T) specimen and resulting in a lower 
critical CTOA value. 

The critical CTOA is a function of constraint and, 
thus, a function of absolute material thickness, similar 
to other fracture parameters. Figure 12 shows the 
critical CTOA values calculated for sheet and plate 
2024 aluminum alloys from several studies. The open 
symbols are from as-rolled sheets or plates, and the 
solid symbols are from specimens machined from the 

21 25-mm thick plate . The CTOA values were 
determined by matching the failure loads on C(T) 
specimens using the ZIP3D code. For both materials, 
larger thicknesses, generally, produce lower CTOA 
values. The T351 temper tended to produce higher 
CTOA values than the T3 temper. But the machined 
(T351) specimens tended to approach the as-rolled 
sheet material at thinner gages. It is suspected that the 
machining operation is removing surface material from 
the rolled plate that was contributing to the fracture 
behavior. 

Fig. 12 - Calculated critical CTOA values for various 
material thicknesses. 

CTOA 
vc* degs. 

2 

0 

Discussion 

- 
-- 

ZlP3D Analyses: 
- -0- 2024-T3 Sheet [30] 

--0-- 2024-1351 Plate [5,8,21] 
2024-T351 Plate [21] 
(machined) 

I I I I I 

The results presented here tend to support the concept 
of a "constant" critical CTOA value for a given 
material, product form, and test environment, if the 
crack-length-to-thickness (c/B) ratio and the uncracked- 
ligament-to-thickness (b/B) ratio is greater than or equal 
to about 4. The non-constant values of CTOA, from 
previous analyses, have been traced to the use of 
inappropriate state-of-stress assumptions and severe 
crack tunneling in the aluminum alloy materials. Plane- 
stress (or plane-strain) behavior is inadequate when 
determining the critical CTOA values to fit load- 
against-remote-displacement behavior. Either 2-D 
analyses with the plane-strain core or 3-D analyses are 
required to match the local constraint behavior at the 
crack front and the large-scale (plane-stress) plastic 
deformations away from the crack front. 

0 5 10 15 20 25 

Thickness, B, mm 
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Severe crack tunneling voids the use of load- 
against-(surface)-crack-extension values for thin-sheet 
aluminum alloys. Because free surface crack-extension 
values under estimate the true damage growth, fictitious 
CTOA values are calculated to fit the results. An 
"effective" crack extension value needs to be measured, 
such as the unloading compliance values or the area- 
average crack-extension values. 

Figure 13 shows the trends in calculated critical 
CTOA values from the early 1980's using plane-stress 
(or plane-strain) finite-element codes and the use of 
inappropriate surface crack-extension values. The 
"constant" CTOA concept in the 1990's was an 
engineering approach to correlate fracture data on 
different specimen types and to use these CTOA values 
to predict the residual strength of some very complex 
structural crack configurations 30. Extensive CTOA 
measurements (e.g., Refs. 10,20,21) show that surface 
values approach nearly a constant value after a small 

Critical 
CTOA, 

w, 

Material 

\ Product form 

\i9*"" 
Test environment 
Thickness, B 
el6 and blB > 4 

0 
Crack extension, Ac 

Fig. 13 - Trends in calculated critical CTOA values for 
a given material thickness. 

amount of crack extension. The region of non-constant 
CTOA values (Figs. 3 and 4) appear to be related to 
thickness, but the region became smaller with larger 
thicknesses in the aluminum alloys. The studies on 
crack-front constraint also suggest that the critical 
CTOA values for the interior of a cracked specimen or 
structural component may be low because of the high 
(plane-strain) constraint, as shown in Fig. 8 and the 
lower dash curve in Fig. 13. Lloyd and piascik3' have 
used the microtopography technique to measure the 
CTOA values in the interior of a thin-sheet aluminum 
alloy specimen and found slightly increasing CTOA 
values from 4 to 5 degrees over the crack extension 
range of 0.4 to 2 mm. Further research is needed to 
measure the critical CTOA values in the interior of 
cracked specimens to obtain more conclusive evidence. 

The results presented here also suggest that the 
local 65displacement measurements may be used to 
determine CTOA values as a function of crack 
extension for a given material thickness to access 
whether or not the critical CTOA is constant. 

In practice, the critical CTOA values need to be 
determined for various specimen configurations, crack 
lengths, and thicknesses; and calculations need to be 
preformed using 3-D analyses to compute the global 
constraint factors. Plotting these values would then 
produce a critical-CTOA-against-constraint (a$ plot, as 
shown in Fig. 14. For the same crack length, large 
thicknesses develop higher constraint factors around the 
crack front and produce a lower critical CTOA value. 
This concept is very similar to the J-integral-T-stress 
plot of Betegon and Hancock 32, except that the fracture 
and constraint parameters are different. In the past, the 
T-stress (an in-plane constraint term) has been studied 
to assess its effect on the J-integral fracture toughness. 
The global constraint factor is a three-dimensional 
constraint factor that accounts for both in-plane and 
through-the-thickness normal stress effects on yielding. 
A curve such as that shown in Fig. 14 would 
characterize the CTOA toughness for a material, 
product form, and test environment. This relation could 
then be used to predict fiacture of various specimen 
sizes that violate the c/B and b/B > 4 criteria. Again, 
further research is needed to evaluate this concept. 

I Thickness, B 
> 

Critical 
CTOA, 

Wc 

Constraint, ag 

Material 
Product form 
Test environment 

Fig. 14 - Critical CTOA against constraint relation-ship 
for a material, product form, and test environment. 

Concluding Remarks 
This paper reviewed the CTOAICTOD fracture 
criterion and the use of the finite-element method to 
simulate fracture. Fracture results, measurements and 
analyses on aluminum alloys have supported the use of 
a "constant" CTOA value from initiation to failure. 
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Constraint effects and crack tunneling were shown to be 
key issues in explaining why the CTOA criterion 
worked so well. The "constant" CTOA concept has 
been successfully used to predict the residual strength of 
some very complex structural crack configurations from 
laboratory specimens. Further CTOA measurements, 
such as microtopography, and finite-element analyses 
need to be made on other materials and thicknesses to 
evaluate the "constant" CTOA fracture criterion. 
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