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ABSTRACT

New developments in the fracture mechanics approach for characterizing the fracture behavior
of structural components are discussed. This includes both the test methods used to obtain the
material property labeled fracture toughness and the application methodologies used to predict
the behavior of structural components. For the test methods new approaches to characterizing
the toughness of steels in the transition region have been developed and are being standardized.
This method uses Weibull statistics to handle the scatter in transition toughness and a master
curve to predict the temperature dependence. Also the test methods are being combined to
create a more complete and versatile approach to fracture toughness testing. For the
applications side several new modeling approaches have been developed to allow the fracture
prediction to be conducted with simple hand calculations. These include a model to predict the
transition behavior of steel component models from the toughness results of a test specimen
and a model to predict the ductile fracture behavior in terms of a load versus displacement
behavior from the same result on a test specimen. This prediction has been shown to work
well for both ductile metals and nonmetal components.
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INTRODUCTION

Fracture mechanics methods are used to assure the reliability and safety of critical structural
components. For this approach a material property labeled fracture toughness is measured on a
laboratory type specimen. This property is then used to assess the fracture potential of a
component geometry. The important steps in the predictive procedure are the measurement of
the fracture toughness property and the transference of the result to the structural component
geometry. This approach has been successfully applied for many years for certain types of
behavior.

The first application of the fracture mechanics approach was for materials which behaved in a
strictly linear elastic manner. The parameter K, crack tip stress intensity factor, (Irwin, 1957,
Paris and Sih, 1965) was used to measure toughness and to make the prediction of potential
component fracture. This approach applied to only the very high strength and most brittle
materials and did not cover many engineering applications where materials were usually
designed to yield before failing. To apply the fracture mechanics method to materials more
realistically used in engineering applications the nonlinear fracture parameters J (Rice, 1968,
Begley and Landes, 1972) and CTOD (Wells, 1961, Dawes, 1979) were developed. For these
parameters materials which exhibited nonlinear plastic behavior before failing could be tested
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and the results used to apply to the structural components (Kumar et al, 1981, Burdekin and
Dawes, 1991).

With these new parameters, test methods and application schemes the fracture mechanics
approach for characterizing the fracture behavior of structural components applied to a wider
range of materials. The extremes of fracture behavior were well covered, the very brittle and
the ductile. However, the intermediate behaviors were not so well characterized. In particular
the fracture toughness behavior of steels in the transition region were not well characterized.
For this the extensive scatter and size and geometry effects left the measurement and application
of the fracture mechanics approach in considerable doubt (Milne and Chell, 1976, Landes and
Shaffer, 1980). New methods for measuring the toughness using the J parameter as well as
the CTOD have been developed and standardized and Weibull statistics are used to handle the
scatter. Also, the standard test methods for characterizing the fracture toughness behavior has
been made more versatile by the development of unified test standards which allows all types
of fracture behavior and the choice of fracture parameter to be used for characterizing
toughness in a single test standard.

Along with the development of the new standard fracture toughness tests, work is in progress
to streamline the testing. An approach caled normalization allows the R curve fracture
toughness to be measured without the use of an on-line crack monitor (Landes and Herrera,
1988, Landes et al, 1991). This procedure can be used for tests in which the conditions are
difficult and not all parameters can be measured (Lee and Landes, 1993 and 1994). This
approach can be useful for tests conducted at high temperature, under harsh environmental
conditions or in a hot cell. Also, this procedure would be useful for tests conducted at high
loading rates where traditional crack length measurement techniques cannot be used.

The ultimate objective of the fracture mechanics approach is the application of the test results to
the prediction of fracture behavior in structural components. This use of the test data has often
been difficult because some of the toughress measurements showed size, thickness and
geometry effects. Recent work has shown that the traditional one parameter approach to
fracture characterization does not work when the toughness results are applied to component
geometries that are much different from the test specimen geometry (Anderson and Dodds,
1991, Hancock et al, 1993, O'Dowd and S$hih, 1991 and 1992). The size and geometry
effects, labeled constraint, affect the application of the fracture toughness significantly. The
traditional one parameter approaches assumes that the dominant term in the crack tip stress field
controls the fracture toughness behavior. This has been found to be true only for the extremes
of high strength and low toughness materials, essentially materials that cannot be used for
engineering applications. A two parameter zpproach that uses the second term in the crack tip
stress field series as a fracture toughness characterizing parameter is now used to handle the
constraints effects that are encountered in the transference of the test data to structural
components. The most popular two parameter approaches are the K and T parameters for
essential linear elastic behavior (Hancock, 1993) and the J and Q for nonlinear behavior
O'Dowd and Shih, 1993, Dodds et al, 1993). The application of the two parameter approaches
has been to use them as correlating parameters. A locus of toughness points is measured as a
function of the two parameters and this locus is used to predict the behavior of the structure at
the same corresponding point of the two parameters (Shih et al, 1993). Recent results have
shown that a fracture locus may in itself have geometry dependence and the correlating
approach should not be used (Landes, 1995). Rather the two parameters should be used with
models which predict the fracture behavior z a result of a fracture mechanism. This has been
done, for example, using a model with a weak link triggering mechanism for brittle fracture
(Landes, 1996) or by numerically modeling stable crack extension through faulted material for
ductile fracture (Xia and Shih, 1996).
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For ductile fracture behavior the deformation behavior of the structure is likely to play and
important role in the failure of the structural component model. A method which can transfer
the results of a typical fracture toughness test geometry directly to the structural component has
been developed for this ductile behavior (Landes et al, 1993). In this paper some new
developments in the testing for fracture toughness and application of results through fracture
models will be presented. This discussion will first cover the new approaches for testing and
applying fracture toughness in the transition for steels and second will discuss some of the new
testing procedures and application models for ductile fracture behavior .

TRANSITION FRACTURE

The new approaches to fracture toughness testing allow a measurement of toughness in
the transition for steels with a statistical analysis of the resulting toughness values to handle
scatter. The test is conducted with the J parameter and a value of toughness J¢ is measured at a
point of unstable fracture. The J¢ values are converted to equivalent Kjc values with the plane
stress expression

Ky =VI.E N
where E is the elastic modulus. Testing in the transition always results in a toughness data set

that has extensive scatter and size and geometry effects. The new test method uses a Weibull
statistical model with three parameters given by

P=1-exp

i (K!C - 20)4]
K, - 20 2)

where P is the probability that a specimen fails at or below toughness Kjc, a Weibull slope of 4

is chosen and the lower limit of the statistical distribution is 20 MPavm . The only parameter

that is fit to the data is the scale parameter, K,. From this model a size correction to adjust the

toughness results from that of the test specimen size to a standard unit size is given by

B
Kreg1y =20 + (Kjegx) - 20)(13::)
3)

where B(x) and B(1) are the thicknesses for the test size and the unit size respectively of two
proportionally size specimens. Kjc(x) is the measured toughness on specimen size B(yx) and
Kjeq1) is tl}e toughness adjusted to unit size, B(j); all toughness values are in units M&’ajm.
After making the size adjustment, the three parameter Weibull fit can be analyzed to get the
median value for the distribution which occurs at 50 percent probability, P. The median values
are then given a relationship that accounts for the temperature effect throughout the transition
by fitting a master curve to the plot of median toughness versus temperature (Wallin, 1993).
The master curve equation in the method was developed by McCabe (1996) and is given by

KJc(med) =30+70 exp [()OI9(T - To)] 4)

where KJC med) i the median toughness of a distribution as obtained from the distribution in
eq. 2, T is the test temperature in °C and Ty, is the reference temperature.

Using the Weibull fit with adjustment to unit size and the master curve takes care of size and
temperature effects in the transition. However, the results can only be used to predict the
behavior of the same test specimen geometry type. An additional concern is the effect of
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geometry. The structural component geometry may not have the same distribution of displac - . :
toughness values as the test geometry. A usual approach is to try to correlate the geometry vcr‘;uas 2;22][(]‘lgsg?hnno):::suiégml;?sl%I?;:a:;léega:r:i(}:;hei&gu;?illssi;: cleped fromianly the losd
effects with the two parameter fracture toughness locus; an example of this where the fracture ’ )-

locus is given in terms of J and Q is shown in Fig 1 (Shih et al, 1993). However, it has been The same relationships that lead to the normalization procedure can be used as an application
suggested that the J-Q fracture locus may also have a geometry dependence as shown in Fig. 2 approach. From the test result of a laboratory test specimen the load and di splacemen}t)%ehav'o
(Landes 1995). The only way to deal with the geometry effects in the transition seems to be to of a structural component geometry can be predicted by a set of analysis steps that includ 1hr
use a mechanistic approach where a crack tip model with a local failure criterion 1s used. If the normalization procedure as part of the analysis, Fig. 7, (Landes et al, 19 93!)’ ey 1" clil es the
transition fracture is predominately stress controlled, as has often been suggested, a model displacement record from a test geometry is sepz;ratea into a deformation curve ang aotzuvﬁ:;sus
based on crack tip stresses is needed. curve. The deformation curve contains the information about the strength of the maten%l :nsg
A simple model, based on the assumption that fracture is caused when a triggering weak link Lk;e(¢2:{g§né£§::cr::;?sct§§?i)t}ctsﬁc Lget:e;%‘;.g hs:;;tci(smr:g::résedthiz :Ego;;nn?g?:f o [hef Crac
reaches a characteristic stress value, labeled cleavage stress, has been used to predict the structural geometry. A transformation procedure is used to develop the defi ormation for the
transition fracture toughness distribution for tension panels with central and edge through of the structural component. A similfar SrOTEDre I8 neege(ei (;gr[ [‘; etom;lauon properties
cracks and with surface flaws (Landes 1995 and 1996). The input to the model is a set of Geometry effects on the R curve behavior make this difficult; howevzr Or:Jg ness lbehavnor.
toughness results that have been measured ona test specimen. Using the concept of a cleavage faulted material allows the R curve toughness behavior to be pre: Sicted with umenifod work on
stress needed to trigger fracture as given by Heerens, et al, (1989) the model uses a crack tip (Xia and Shih, 1996). Given the deformation and toughness curves ff)orn:geg success
stress fields that has been numerically characterized with large strain theory (O'Dowd and geometry, a recombination, like the normalization procedure in reverse i Pmeponent
Shih, 1991 and 1992, Dodds et, al, 1993) to determine crack tip stress fields. These crack tip displacement behavior of the component , predicts the load and
stresses are affected by the constraint parameters, for example, the J and Q parameters for po geometry.

nonlinear deformation. A schematic picture of the model is given in Fig. 3. Combining the : . o .

cleavage stress and the crack tip stresses with the measured toughness values, these being a ;l;};,emﬂﬁg‘}iﬁziéisbés(w;‘ atnh: l-lI(()sd se)parauon principle where the load is represented by
scatter band of toughness values, a set of weak link distances are determined. The weak link oW

distances are considered to be invariant with geometry and temperature and form a set of P = G(a/W) H(vy /W)

material properties. Also the cleavage stress is considered to be invariant with geometry and P (5)

temperature. Using these properties, weak link distances and cleavage stress, a prediction of a . .

toughness scatterband for a new temperaturs Or a new geometry can be made. For this the J The step of transferring the deformation property from the test specimen to the component has
and Q variation are needed in the new geometry. Fig. 4 shows the prediction of the transition undergone some improvements. The original transformation (Zhou, 1992) used a graphical
temperature behavior of a 20MnMoNi55 stezl using the model. Starting with input toughness procedure involving limit loads and elastic compliance. A recent analysis, called the common
data from compact specimen tests C(T) predictions of the scatterband of toughness values are format approach, which showed that all deformation properties can be derived from the stress-
given for tension panels with through central cracks, M(T), and through edge cracks DE(T) in strain properties of the material, made this step easier (Donoso and Landes, 1995). Using the
Fig. 5 and for tension panels with surface flaws in Fig. 6. The predictions are made for the common format approach with a set of conversion functions allows this transformation to be
high, low and median values of toughness <o that a scatterband can be drawn. For the M(T) made with two simple analytical steps (Cruz and Landes, 1997). For this procedure two
and DE(T) experimental measurements of toughness were made and are plotted on Fig. 5 for conversion factors, f, which is the ratio of the limit loads, Py between the structure and the test
comparison with the predictions. The surfice flaws have no experimental measurements of specimen, where PL is divided by the G of eq. 6 and subscript s represents the structure

toughness for this material.
f=PLJ/Gs
PG ©6)
DUCTILE FRACTURE

. o . . and g, which is the ratio of the normalized elastic displacements at the limit load, Ve
Ductile fracture toughness characterization is done with a crack growth resistance curve ?

or R curve. In this the fracture parameter is plotted as a function of the ductile crack extension. (Ve /W)
The test method for developing this has been standardized for nearly a decade. The difficulty a= (Vo /W)
with the R curve test is that an on-line crack length monitor is needed to develop the crack € s )

length data used for the crack extension measurement. The present standard methods often
give some variability in this measuremen! that has made the procedure difficult. A new
combined J standard allows the an alignment of the initial portion of the R curve so that
initiation toughness values can be evaluated from the R curve. In addition, new methods called
normalization can make the crack length measurement from the plastic deformation
characteristics of the test record (Landes and Herrera, 1988, and Landes et al, 1991). With the
normalization procedure the three main variables during the test, load, displacement and crack
length are functionally related. Therefore, knowing two of these variables, the third is
specified by the functions. For example, given load and displacement values the crack length
is specified. This procedure is useful for developing some procedures for difficult testing
condition such as severe environments, high temperature and irradiated materials. Here the

give the conversion of the deformation curve from that for the specimen to that of the structure.
A simple application of the method can take the load versus displacement for a test specimen
and transfer it to predict the load versus displacement behavior for a structure.

Some examples of the application of the method are illustrated for component models. Starting
with a load versus displacement curve from a laboratory test the same is predicted for a tension
panel with a central crack in Fig. 8. The results of a test are included in this Fig. for
comparison. Fig. 9 shows the prediction for a pipe with a circumferential through crack loaded
in bending. Again the results of a test are included for comparison.
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SUMMARY

New methods for testing and applying fracture toughness results have developed simplified
methods for predicting the integrity and safety of structural components. In particular the
difficult transition region for steels has a new standard test method that uses Weibull statistics
to handle the scatter and size effects encountered in the toughness characterization and a master
curve to handle the temperature effects. A model based on the two parameter fracture
approach, J and Q, allows this data to be used for predicating the fracture behavior in other
structural component models. For the ductile fracture behavior new methods based on
normalization allows the load versus displacement behavior for a structural component to be
predicted from that of a laboratory test specimen.
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