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ABSTRACT An elastic—plastic finite-element analysis was used to model stable crack growth
behaviour in compact C(T) specimens and to predict fracture behaviour in middle-crack tension
M(T) specimens made of A533B steel sheet, The crack-growth criteria studied were the critical
crack-tip opening displacement (CTOD) or angle (CTOA) criterion, the J-R resistance curve,
and a CTOD resistance curve, The crack-mouth-opening displacement against crack extension
(COD-Ag) test results were also used as input to the finite element analysis, in a so-calted
generation mode, to study the CTOD variations during crack extension.

Calculated results using the critical CTOI» (or CTOA) criterion on compact specimens
agreed well with test data up to maximum load, but tended to predict slightly larger crack
extensions and predict larger load-line displacements than test results beyond maximum foad.
Analyses using the critical CTOD criterion predicted maximum loads on various M(T) speci-
mens 4-7 percent lower than tests. Using J or CTOD resistance curves, the analyses also pre-
dicted lower maximum loads on the M(T) specimens (3—5 percent). The generation-mode
analyses indicated that CTOD on both specimens types varied with crack extension but was
nearly constant after about 5 mm of crack extension. Under the generation mode, comparisons
made between contour and deformation J values from tests and analyses agreed well. Similarly,
a comparison between d, (CTOD at the initial fatigue crack-tip location) from test and analysis
also agreed well, A normalized J parameter (linearly proportional to load) plotted against crack
extension gave nearly the same resistance curve for both C(T) and M(T) specimens.

Introduiction

The phenomenon of stable crack growth has been studied extensively using
elastic—plastic finite element methods (1}-(10). These studies were first con-
ducted to develop efficient techniques to simulate crack extension and to later
examine 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, encrgy release rates, J integral (11)(12), and tearing modulus (13). Con-
sistent among many of these investigations is that CTOA {or CTOD at a
specified distance from the crack tip) was most suited for modeling stable
crack growth and instability during the fracture process. CTOA (or CTOD)
approached nearly a constant value after some amount of crack extension.
However, during the phase between initiation and the attainment of maximum
load, CTOA {or CTOD) did not appear to be constant for some materials
(TB).
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Experimentally, Luxmoore et al. (14) have shown that CTOA (or CTOD)
was nearly constant from the onset of stable crack growth in two aluminum
alloys, but was dependent upon crack configuration. Paleebut (15), using a
laser-interferometric displacement gauge on compact specimens, measured
CTOD at initiation of stable crack growth on two aluminum alloys. The mea-
sured CTOD values agreed well with the critical CTOD values used by
Newman (10) to fit initiation and stable crack growth behavior up to
maximum load on the same materials.

The purpose of this paper is to further evaluate CTOD and J resistance
curve criteria for modeling stable crack growth in thin-sheet material using an
elastic—plastic finite element analysis, A two-dimensional plane-stress analysis
was used to model stable crack growth in compact C(T) and in middle-crack
tension M(T) specimens made of A533B steel sheet material. First, a critical
crack-tip opening displacement (CTOD) at a specified distance {d) from the
crack tip, or equivalently, a critical crack-tip opening angle (CTOA) was found
that would accurately model stable crack growth in a C(T) specimen. The
same critical CTOD value was then used to predict crack extension, load-line
displacements, and maximum load on various size M(T) specimens, A J-R
resistance curve and a CTOD resistance curve, determined from the C{T)
specimen, was also used to predict the fracture behaviour of the M(T) speci-
mens. In addition, the remote crack-mouth-opening displacement against
crack extension (COD-Ag) test results were used as input in the finite-element
analysis to study CTOD variations during crack extension. This latter
approach is often referred to as a generation-mode analysis. Some compari-
sons are made between 85 (CTOD at the initial fatigue crack-tip location (16))
and J from tests and from generation-mode analyses. The sensitivity of J and
CTOD to load for the A533B sheet material is discussed.

Finite element analyses

The elastic—plastic analysis of the two specimen types employed the finite
element method and the initial stress concept to implement the elastic-plastic
analysis (£0)(17). The analysis was based on incremental flow theory with a
small strain assumption. A multi-linear representation of the uniaxial stress—
strain curve was used in the analysis with the von Mises vield criterion. The
finite element models for these specimens were composed of two-dimensional,
constant strain, friangular elements under plane-stress conditions. Mesh
patterns were selected so that the mmimum element size along the line of
crack extension would be the same in all specimens. From previous studies
(10), a mesh size (d) of 0.8 mm, in the crack-tip region, was selected. CTOD
was measured at the first node along the crack surface from the crack tip
{(d = 0.8 mm). The particular meshes used for the C(T) and M(T) specimens are
shown in reference {§0). The C(T) specimen had 2091 nodes and 3848 ele-

ments; whereas, the M(T) specimen had 949 nodes and 1739 elements. (The .

R

LR L

FINITE-ELEMENT FRACTURE SIMULATION 118

elastic compliance of the models, C(T) and M{(T), were about 2 percent lower
than accepted solutions from the literature.) Fictitious springs were used fo
change boundary conditions associated with crack extension, For frec nodes
along the crack line, the spring stiffnesses were set equal to zero; and for fixed
nodes, the stiffnesses were assigned extremely large values. (See reference (16)
for details on the finite element analysis with crack extension.)

During incremental analyses under displacement control, the stiffness of the
crack-tip spring was set equal to zero if the specified crack-extension criterion
was satisfied and the crack advanced to the next fixed node. This process was
repeated until the desired crack length was reached.

Experiments

The experiments were conducted at the Westinghouse Research and Develop-
ment Laboratory by D. E. McCabe. The material was A533B steel sheet
(B = 2.5 mm: thick) with a yield stress (¢,,) and ultimate tensile strength (5,) of
470 and 620 MPa, respectively. The strain hardening coefficient, n, was about
10. Tests were conducted on compact specimens (w = 203 mm) with an initial
crack-length-to-width ratio, a;/w, of 0.5 and on middle-crack tension speci-
mens (half-width, w, of 102 and 203 mm) with a/w values of 0.5-0.6. Both
specimens were restrained from buckling by guide plates. Crack extension was
measured by both the compliance and visual methods on the C(T) specimens
but only the visual method was used for the M(T) specimens. The é; (CTOD
at the initial fatigue crack-tip location) was measured only on the M(T) speci-
mens. Crack-mouth-opening (load-line} displacements (COD) were measured
on all specimens. For the C(T) specimen, COD was measured on the crack line
directly under the load line. On the M(T) specimen, COD was measured along
the load centreline with a total gauge length of 1.25w. J-integrals were calcu-
lated from deformation theory using load-line displacement records for both
specimen types {18).

Results and discussion

A compact specimen was initially analyzed under plane-stress conditions to
determine the critical CTOD value (4, = 0.19 mm) that would cause the
analysis to match the experimental maximum load carried by the specimen.
The experimental and calculated load-against-crack-extension (P-Ag) results
are shown in Fig. 1. Experimental crack extension values, measured by
unleoading compliance or visual methods, are shown as symbols. Beyond
maximum load, the CTOD criterion (solid curve) tended to predict slightly
larger crack-extension values for a given load. The dashed—dot curve shows
the P-Aa calculations from the COD-Aq generation-mode (GM) analysis. (The
COD-Aa input data was obtained from the compact specimen by averaging
the crack extensions from compliance and visual observations.) The analysis
using the COD-Aa mode tended to predict higher loads for a given amount of
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Fig 1 Comparison of lead against crack extension from test and analysis for compact specimen

crack extension probably because the model is slightly stiffer than the actual
specimen. The dashed curve shows the limit-load condition for comparison.
The lmit load was calculated from a plastic-hinge analysis by Newman (19)
assuming no crack-tip constraint and using the ultimate tensile strength. The
limit load (P, ) was given by

Py = a, Bw(l — D{[1 + (1 + H*/(1 = *T"* — (1 + /1 ~ B} (0

where A = a/w. Equation (1) is identical to that independently developed by
Merkle and Corten (20), cxcept that the ultimate tensile strength is used
instead of the vield stress. Figure 2 shows comparisons among the experimen-
tal and numerical load against load-line displacements for the compact speci-
men. The results from the CTOD criterion agreed well with the test results
except beyond maximum load (COD > 8 mm). The COD-Aa generation mode
results (P-Aa and P-COD) agreed reasonably well with test data, but the pre-
dicted maximum load was 4 percent too high. The CTOD variation with crack
extension from the generation mode analyses will be discussed later.

To test the CTOD criterion, the fracture behaviour of the M(T) specimens
was predicted from the analysis using a critical CTOD value of 0.19 mm, as
determined from the C(T) specimen. Typical comparisons between the CTOD
analysis (solid curve) and test data (symbols) are shown in Figs 3 and 4 for
P-Ag and P-COD results, respectively, The CTOD analysis predicted the same
trend as the test data but the predicted load for a given amount of crack
extension or displacement was as much as 6 percent lower. The dashed curve
in Fig. 3 is the limit load calculated by Py = ¢, Bw(l — a/w). The dash-dot
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Fig 2 Comparison of load against load-line displacement from test and aralysis for compact speci-
men
curves in Figs 3 and 4 show predictions from a J-R curve analysis using a J-R
curve that was determined from the compact specimen, Results from the J-R
curve analyses were quite similar to those from the CTOID criterion. However,
the J-R curve analysis predicted slightly higher maximum loads than the
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Fig3 Comparison of load against crack extension from test and analyses for middle-crack tension
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Fig 4 Comparison of load against load-line displacement from test and analyses for middle-crack
tension specimen

CTOD criterion {about 5 percent lower than tests) but tended to underesti-
mate loads for large amounts of load-line displacement (COD > 3 mm).
{Results from a CTOD resistance curve, not shown, gave similar results as the
J-R curve analysis but did not show the same drop in load for large amounts
of displacement.)

The COD-Aa generation mode analysis of the M(T) specimen gave a rea-
sonably good fit to the P-Aaq and P-COD test data (not shown). However, the
CTOD variation with crack extension from this analysis is shown in Fig. 5 for
the M(T) specimen {dash-dot curve). For comparison, the results from the
generation-mode analysis of the C{T) specimen is shown by the solid curve.
The initiation CTOD values were quite close for both specimen types, but
large variations in CTOD with crack extension were observed for both speci-
men types. However, the CTOD values tend to level off after about 5 mm of
crack extension {about twice the specimen thickness). The CTOD values for
the M(T) specimen were generally higher than those from the C(T) specimen.
For the A533B material, CTOD is very sensitive to load because the strain-
hardening coefficient, n, is about 10. The large variations (factor of 3 on each
specimen) shown in Fig. 5 result from small changes in load. Recall that the
constant CTOD analysis predicted maximum loads on M(T) specimens within
4 to 7 percent. The dashed line shows the constant CTOD value (0.19 mm)
that was used in the constant CTOD simulation.

It is interesting to note that for both the C(T) and M(T) specimens, the
COD-Aa simulation gives nearly constant CTOD values after crack extensions
of about twice the thickness. A possible reason for the large variation in

A
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Fig5 MNumerical CTODs for compact and middlecrack tension specimens from COD-Aa
generation-mode analyses

CTOD for Aa < 5 mm may be due to the changes in triaxial constraint as a
virgin crack grows into a highly deformed region. As the crack grows, the
material ahead of the crack front undergoes a large reduction in thickness
while the material behind the crack front is nearly unaffected by the intense
deformation (see insert in Fig, 5). This change in the deformed shape should
induce a triaxial constraint that is not captured by the two-dimensional
analysis. A large deformation, three-dimensional analysis would be required to
capture the influence of this intense deformation on crack-tip behaviour,

Figures 6 and 7 show comparisons of test measurements (symbols} and
numerical calculations of & and J under the COD-Aa generation-mode
analyses, respectively. The &, measurements and calculations (Fig. 6) were
obtained for a total gauge length of 5 mm at the initial crack-tip location, The
calculations agreed well with test data. The measured and calculated J-R
curves {Fig. 7) were found to be dependent upon specimen type. The M(T)
specimens gave higher J-R curves than the C(T) specimens. This large differ-
ence between specimen types, however, will be shown later to be due to a
small change in applied load. These comparisons between test and analyses do
show that the two-dimensional analyses (with the 0.8 mm size elements) are
able to accurately model the in-plane deformations for the AS533B sheet
material.

The large variation in J-R curves, shown in Fig, 7, is similar to the CTOD
variations shown in Fig, 5, The J-integral, like CTOD, is also quite sensitive to
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Fig 6 Comparison of initial fatigue crack-tip CTOD, §,, from test and analysis for middle-crack
tension specimen
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Fig 7 Comparison of deformation J (test) and contour J (analysis) from COD-Aq generation-mode
analyses
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Fig 8 Comparison of normalized J parameter (linearly proportional to load) from tests of compact
and middle-crack tension specimens

foad. For power-law hardening materials, Hutchinson {21) has shown that the
crack-tip stress field is proportional to J'/®* 1, where n is the power-law hard-
ening coefficient. Therefore, if the local stress field controls the fracture process
in the C(T) and M(T) specimens, then the parameter J“*1 may be the same
for a given amount of crack extension. This parameter is also linearly pro-
portional to foad (22). Figure § shows a comparison of normalized J raised to
the 1/(n + 1) power plotted against crack extension for the C(T) and M(T)
specimens. The two data sets collapse together quite well (within about
4 percent). This indicates that large differences in J and CTOD may be caused
by only small changes in load. From a structural design viewpoint, the corre-
lation in Fig. 8 is quite satisfactory. In fact, this form shows that A533B sheet
material has very litile load carrying capacity beyond Ji,. Also, the initiation
toughness, J., can be more readily identified in Fig. 8 than in Fig. 7.

Conclusions

Two-dimensional plane-stress fracture simulations on A533B steel shect
compact and middle-crack tension specimens support the following conclu-
sions.

(1) After maximum load, the critical CTOD (or CTOA) criterion tended to
predict larger crack exiensions and load-line displacements it compact
specimens,
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{2) Analyses using a critical CTOD (or CTOA} value determined from a
compact specimen predicted maximum loads on middle-crack tension
specimens within 4 to 7 percent.

(3) Analyses using COD-Aa test results as input indicated that CTOD on
compact and middle-crack tension specimens varied with crack extension
but CTOD was nearly constant after about 5 mm of crack extension on
each specimen.

{(4) Analyses using J and CTOD resistance curves determined from a compact
specimen predicted maximum loads on middle-crack tension specimens
within 3 to 6 percent,

(5) The parameter, J'/"* Y correlated crack-extension data on compact and
middle-crack tension specimens within about 4 percent.

{6) All of the fracture criteria (CTOD, J, and CTOD resistance curves) that
were used with two-dimensional elastic—plastic finite-element analyses
accurately predicted the fracture behaviour of tension loaded specimens.
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