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; Section 1 
• BACKGROUND AND SUMMARY 
j 
il.l BACKGROUND 
jThe margin of safety of nuclear reactor pressure vessels is reduced by the 
'embrittlement produced by neutron fluence. This margin of safety properly re
quires that the coolant pressure boundary stays ductile and the probability of 
rapidly propagating fracture is minimized. The reduction in ductility, by Code 
of Federal Regulation (1) requirements, is determined from Charpy V-notch sur
veillance specimens. 

jCharpy data, from specimens broken at different temperatures, show that energy-
'to-fracture increases dramatically over a relatively small temperature-transition 
range. Irradiation shifts the fracture energy vs temperature curve to higher 

; temperatures and reduces the upper-shelf fracture energy and the fracture energy 
in the transition region. It is assumed tuat this shift also describes a 
'.corresponding temperature shift in the reference stress intensity factor, KjR> 
curve resulting in lower fracture toughness. This curve describes the lower ,]\ 
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bound to material fracture toughness and is used to limit the pressure during 
reactor heatup and cool down. 

It would seem to be more logical to use fracture toughness surveillance specimens 
directly to obtain the K.R temperature shift rather than obtain it indirectly 
with Charpy specimens. This turns out to be impractical because of the size and 
weight of the specimens required for fracture toughness data. The Charpy 
specimens are smaller, and the data are more easily obtained. The procedure is 
convenient and conservative. 

This and other conservatisms built into reactor design, combined with the problem 
of radiation embrittlement, have threatened the continued operation of some of 
;the older pressurized-water reactors. It is now necessary to understand more 
'precisely the nature of ductile fracture and the margin of safety it has over 
'design by linear elastic fracture mechanics. 

;i.2 SUMMARY 
:The program object ive is to determine the fracture toughness of A533B-1 steel by 
computer modeling Charpy V-notch t e s t s . Charpy tests give a qua l i ta t i ve measure 
of f racture resistance, but there is no theoret ical cor re la t ion between Charpy 

, f racture energy and f racture toughness. 
1 

'We developed a computer model of ductile fracture that predicts fracture 
initiation. The model uses a time-integrated product of the equivalent plastic 
strain rate and a function of the mean stress. Fracture occurs when this product 
exceeds a critical value over a critical dimension. The model contains a set of 
material dependent parameters that are obtained by computer simulations of small 
specimen tests. The computer calculations give detailed stress and strain his
tories up to the time of fracture. These histories are used to determine (by 
•trial and error) the model parameter values that are common to fracture initiation 
'in the test geometries. The calibrated fracture model, that correctly predicts 
fracture initiation (and initiation energy) in the Charpy specimen, may then be 
used to simulate tests of accepted fracture-toughness specimens and hence obtain 
fracture toughness. 

The model parameters were calibrated to predict fracture in four different test 
specimens: two different notched-tension specimens, a simple tension specimen 



and a precracked compact-tension specimen. The model was then used in a computer 
simulation of the Charpy V-notch specimen to i n i t i a t e and advance a f l a t f rac tu re . 
Results of th is ca lcu la t ion were compared with interrupted Charpy tests . 

Cal ibrat ion of the model for two addi t ional heat treatments of A533B-1 steel i s 
i n progress. The heat treatments increase the strength and decrease the 
d u c t i l i t y of the steel which models some i r radiated proper t ies. The long range 
goal is to predict the onse f of duc t i l e f racture in a stressed nuclear pressure 
vessel. 



Section 2 
PROJECT OBJECTIVES 

The goal is to predict ductile fracture initiation, growth, and arrest in a 
reactor pressure vessel by using an established computer program able to describe 
the process with a fracture initiation and propagation criterion. This criterion 
is based on a combination of plastic strain and mean tensile stress acting over 
some material length. Material constants of the criterion are set by simulating 
laboratory tests of small specimens on the computer and adjusting the constants 
so the criterion predicts both crack initiation and growth in all geometries. 
The program is then applied to pressure-vessel calculations. The computer sub
routines will be included in the EPRI two- and three-dimensional STEALTH (2) 
computer programs for transfer to utility and pressure-vessel industry users. 

In September of 1976, application of this research was redirected at the request 
of EPRI to concentrate on irradiation damage surveillance. Our goal is now to 
determine the correlation between upper-shelf Charpy V-notch energy and fracture 
toughness. A second objective is to ascertain if the correlation is satisfactory 
for practical applications. A group of experiments that examines the Charpy test 
are performed and supported by computer simulations using a damage model of 
material failure. Computer predictions from this model will ei.able us to connect 
Charpy data with fracture toughness. 



Section 3 
STRATEGY 

3.1 INTRODUCTION 
We wish to relate irradiated Charpy V-notch energy to a measure of fracture 
toughness that can be used to assess fracture toughness of nuclear pressure 
vessels. The measure of fracture toughness selected is the J-integral of 
Eshelby (3) and Rice (4) and suggested as a characterizing parameter for onset 
of crack growth by Broberg (5) and Begley and Landes (6). For this study, Jj 
is used only for the correlation; it need not be a material property. The 
method is general, however, and any acceptable measure of fracture toughness 
may be used. 

Our fundamental assumption is that the extension or the initiation of a crack can 
be treated as a constitutive property of materials. Fracture will then depend 
explicitly on the current mechanical state and past history of a local region, 
and will be independent of geometry and boundary conditions except as they affect 
the local state. Thus crack extension and crack initiation are treated alike. 

A novel feature of our method is the use of computer-simulated experiments to 
obtain the detailed mechanical history of a material up to fracture initiation. 
In lieu of detailed measurements (at microstructural dimensions) of the stress 
and strain history, a computer simulation is used to provide this information. 
Thus our method requires both experimental data on materials prior to fracture 
(so that we are sure the elastic-plastic behavior is well characterized) and the 
'computer program and computer speed to make such detailed simulations feasible. 

We use a model that is based on ductile fracture theory. The model contains 
material dependent parameters that are adjusted by trial and error until a single 
set of values is obtained that fits the experimentally determined fracture initia 
tion in several different geometries. It is important to note that because this 
is a model rather than a theory, the parameter values cannot be identified with 
other physical properties..^. 



Our approach differs from those of BCL (see Chapter 5) and GE (see Chapter 6) in 
that they neglect the details of the stress and deformation state in a process 
zone at the crack tip and, instead, seek characterizing parameters (such as the 
J-integral, crack-opening displacement, or strain energy release rate) that may 
be used like the elastic stress intensity factor. A choice of these characterizing 
parameters, if they exist with appreciable yielding, is the goal of these other 
two research programs. The SRI (see Chapter 8) program is similar to ours in 
that the details of the process zone are calculated but their fracture process 
models the details of the material microscopic void-growth behavior that we assume 
is described in a more general way by macroscopic variables. 

The calibrated model may then be used to do computer (rather than laboratory) 
experiments on specimen geometries acceptable for valid fracture-toughness testing 
or it may be used directly for vessel fracture analysis. The work described 
below suggests that it is probable, for example, that the Charpy and the small 
tension surveillance specimens are adequate for the calibration procedure and 
that a subsequent plane-strain calculation of the precracked compact-tension 
specimen will provide a value of Jj equivalent to a laboratory test. 

3.2 THE FRACTURE CRITERION 
Our criterion for ductile fracture is based on the magnitude of plastic strain 
concentration. Plastic strain is a macroscopic variable that appears to capture 
the essential physics of the microscopic fracture process. In this process, 
that is not well understood, voids appear to nucleate and grow on the larger 
second-phase particles of alumina and manganese sulphide thau are present as im
purities in A533B-1 steel. This growth causes high local stresses between 
adjacent holes. The result is both impingement coalescence and void-sheet 
fracture between holes as the local high stresses trigger failure in the much 
larger population of smaller carbide inclusions. The typical size of this process 
region might be 100 urn (0.1 mm) in A533 steel. Since the dominant feature of 
"this microscopic process is the plasticity, we assume the essential behavior may 
be captured with a macroscopic variable that measures some average of this 
plastic-strain concentration. Rice and Johnson (7) have noted that fracture 
strength predictions based on a critical strain at a mean inclusion spacing 
distance from the crack tip agree favorably with available data. 

A second part of our criterion is the hydrostatic tensile stress. It is well 
known that ductility..is increased when hydrostatic tension is reduced. Bridgeman (8) 



reduced the final neck area of tensile specimens by a factor of twenty-five by 
testing with high pressure on the specimen surface. This behavior may be under
stood in terms of hole growth using theoretical models of McClintock (9) and Rice 
and Tracey (10). Their work suggests a rapidly decreasing fracture ductility 
with increasing hydrostatic tension. This result is simply built into our 
fracture model by assuming the integrated product of some function of the mean 
stress and the equivalent plastic strain increment reaches a critical value at 
the start of cracking or propagation of an existing crack. Because inclusion 
spacing and size control the cracking, it is not sufficient for this critical 
value to be reached at a single point; it must occur over some length r that is 
characteristic of the microstructure of the material. 

The criterion takes the form 

D 

and fracture occurs when 

= fnom)d? , (v-i) 

D >_ D c over r c . (7-2) 

The integral of Eq. 7-1 is performed over time t and the increment of p las t ic 
s t ra in is calculated fran " i ^ d t . The constants required fo r Eqs. 7-1 and 7-2 
are obtained by computer simulation of laboratory tests of small test specimens. 

* 
In these equations, a is the mean stress 

a m = l / 3 0 i i . (7-3) 

and dl? is the increment of equivalent p last ic s t ra in 

di" = / 2 / 3 di^. dl!j. . (7-4) 

Following McClir.tock (9), we define the integrated product D as the damage. It 
is convenient to think of the critical damage as the strain required for crack 
initiation. 

Repeated subscripts imply summation. 



The theoretical models of McClintock (9), Rice and j'racey (10) and Hancock and 
Mackenzie (11) predict initiation when the product of the strain and some function 
of the mean stress reaches a critical value. Their criteria differ from that of 
Eq. 7-1 in that we require the integral of the damage increment to reach a 
critical value. Differences are not great for the notched specimens where the 
stress at the notch saturates quickly to a constant value. The differences are 
important, however, in the simple tension test where the mean stress is a strong 
function of the slowly developing plastic necking. Also, the theoretical models 
assume that the mean stress occurs in a form normalized by the local flow stress 
0/0 called the triaxiality. Equation 7-1 does not. For example, the fracture 
model of Hancock and Mackenzie (11) is 

e f exp (3o /2a) = constant . (7-5) 

The effect of the differences is unclear and, in any event, is camouflaged by the 
arbitrary pressure function chosen for Eq. 7-1. In Eq. 7-5, e is the strain to 
fracture and cr is the von Mises effective stress. 

Eq. 7-1 is a stress measure multiplied by strain and, in that sense, suggests 
energy density. Energy density, in various forms, has been used by Sin (12) and 
Nemat-Nasser (13) as fracture criteria. The energy density is a by-product of 
all of our simulation calculations, and it appears U 'ork well as a fracture 
criterion when used with a microstructural dimension, although we have not 
examined these results in detail. 

3.3 THE COMPUTER PROGRAM 
The detailed stress analysis method used here, independent of the fracture 
criterion, places severe requirements on the computing software and hardware re
quired to obtain the details of the stress and deformation state near a crack. 
A sharp crack in A533 steel at 100°C typically blunts to an opening displacement 
of about 0.4 mm before macroscopic separation occurs. Computer simulation of 
the details of this blunting process is difficult (if not impossible) but the 
gross features are amenable to calculation. The method must account for the 
material stretching to four times its original length and for material rotation 
approaching 90° at the crack tip. The information required for the detailed 
stress-analysis fracture prediction methods is not available from typical test 
data and the accuracy of the calculation in the process zone is essential. 



The finite difference programs [Wilkins (14,15)] used for all these calculations 
solve the two- and three-dimensional field equations centered in space and time 
with second-order accuracy. The calculational grid is Lagrangian in that lines 
drawn on (or in) the undeformed material move with the material. Mass is con
served in each zone. The kinematics and kinetics are Lagrangian in the sense 
that all variables are associated with unique material points or zones. The 
program does not remember the original location of the points currently defining 
the deformed mesh. The formulation is inherently dynamic with a variable time 
step internally chosen by the computer program to satisfy a calculational 
stability condition that is based on the traversal time of sound for a specified 
zone size. The formulation is explicit and no matrix inversions are required. 

The constitutive equation uses a hypoelastic formulation with Ja'imann stress 
rate related linearly to the stretching and subsequently modified by the 
plasticity; stress is Cauchy stress. The formulation is appropriate for large 
rotation in that the stress, calculated from the strain, is unaffected by rigid-
body rotations. Dilatational and deviatoric behavior are treated separately. 

The plasticity uses J ? flow theory, with isotropic work-hardening described by a 
curve of effective stress vs equivalent plastic strain. The deviatoric stress 
Increments are calculated from the associated strain increments, assuming elastic 
behavior, and the new total deviatoric stress is reduced by a/i^j w n e n t n e yi eld 
condition is exceeded. The von Mises flow stress is "a, and 0„ is the second 
invariant of the stress-deviator tensor. The procedure may be shown to satisfy 
the Prandtl-Reuss equations implicitly. 



Sect ion 4 

ACCOMPLISHMENTS 

4.1 INTRODUCTION 

We discuss here the three main areas of the research: 

• Tests of five specimen geometries, the computer simulations of 
these tests, and the accuracy with which the calculations track 
the tests. 

• The use of the calculated fracture initiation states from the 
computer simulations to determine the constants of the fracture 
model. 

• A computer simulation of a dynamic Charpy V-notch test in which we 
allow the calibrated fracture model to control tearing initiation 
and propagation. The results of this calculation are compared 
with the crack extension in deformed Charpy specimens from 
interrupted static and dynamic three-point bend tests. 

4.2 CALIBRATION TESTS AND SIMULATIONS 

4.2.1 Introduct ion 

Five specimen geometries were used fo r the tests and computer simulations: a 
smooth-tension specimen, two d i f f e ren t c i rcumferent ia l ly notched-tension specimens, 
the Charpy V-notch specimen, and the precracked ASTM compact-tension specimen. 

We used approved ASTM procedures in test ing and supplemented standard measurement 
methods wi th sequential h igh-resolut ion photography. These photographs were used 
to compare the calculated deformed specimen geometries wi th the experiments. 

The material was A533B-1 s tee l . A l l specimens were machined from a nozzle dropout 
of heat CDB whose properties were described by Marston, Borden, Fox and Reardon 
(16). We assumed e l a s t i c , work-hardening p last ic material f o r the ca lcu la t ions. 
Young's modulus was 207 GPa and Poisson's ra t io 0.29. The p las t ic - f low law is 
described in SecLion 4.2.2. To assess the behavior of the computer f racture 
c r i t e r i on wi th the var ia t ion in y i e l d strength brought about by radiat ion 



embrittlement, the calibration and prediction methodology was applied to the 
A533B-1 steel in three different quenched and tempered states. All testing was 
done at 100"C. 

In all these computer simulations*, we used a velocity boundary condition to load 
the specimens. This velocity was high enough to reduce computer run time but not 
so high that inertia or local boundary plasticity affected the calculation. It 
varied between 2 and 6 m/s for the various calculations. 

Some details of the stress analysis calculations are given in (17). 

4.2.2 Simple Tension Specimen 
These tests were used to obtain the elastic-plastic constitutive law and the 
failure state required for calibration of Eq. 7-1. ASTM standard 12.7 mm diameter 
specimens were used. 

We obtained the plastic-flow law needed for the computer calculations from the 
load-displacement and nsck radius data by iterative computer simulations of the 
tension test. The determination - ' the flow law above the ultimate stress is 
complicated by severe specimen ne ing. Details are given in (18). The 
resulting flow curves are shown in Fig. 7-1. 

It is obviously important to the calibration procedure that the stress and strain 
states are accurately calculated. We compare the calculated and experimental 
load vs engineering strain and neck radius vs elongation in Figs. 7-2 and 7-3, 
respectively. The calculated grid is shown superimposed on a photograph of the 
deformed test specimen in Fig. 7-4. Further comparisons with experiments and 
with calculations by others are made in (18). 

4.2.3 Circumferentially Notched-Tension Specimens 
i Specimen outside diameters of 13 and 27 mm were used with the same notc.i-root 
radius of 0.25 mm. The notch included angle was 60° with a depth that halved the 
cross-sectional area. 

* 
The Charpy calculations used both a pressure-boundary condition and impact with 
a modeled striker. 
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neck radius vs elongation 
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gauge length. 

79 180 N. 



Figure 7-4. Calculated grid superposed on photograph of specimen 2499R; 
a/a Q = 0.646. 

Failure starts at the notch root in these specimens; this was determined by 
interrupted testing and sectioning and by close-up photography done during the 
tests. Figures 7-5 and 7-6 compare the load vs notch-opening displacement from 
the calculations and experiments. The calculated oscillations in the load at 
early time are a result of the specimen-elastic-transient-response to the 
prescribed boundary velocity. 

The details of these calculations are given in (17). A blunt notched calculation 
is described in (19). 

4.2.4 Charpy V-notch Specimen 
These calculations were done both in two and three dimensions. The two-
dimensional calculation modeled a 27.2-kg (60-1b) striker assembly impacting 
the standard ASTM Type A V-notch specimen at 4.91 m/s (16.1 ft/s). Comparison 
of instrumented striker load data is compared with the calculated load in 
Fig. 7-7. The oscillations of Fig. 7-7 result from the wave interactions 
between the specimen and the striker assembly. Comparisons of interrupted 
specimen displacement vs notch opening angle data are made below in Section 4.4 
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notch opening, H n, is 
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The details of the Charpy calculation are reported elsewhere (20). 

4.2.5 Precracked Compact-Tension Specimen 
This calculation is a severe test of the detailed stress analysis method. The 
strain gradients near the tip of the sharp fatigue crack have the singular power-
law behavior found by Hutchinson (21) and Rice and Rosengren (22) (HRR) that 
requires very fine zoning. Although this fine zoning is not required to obtain 
accurate global behavior such as load vs load-point displacement, or to check 
the calculation against experiment, it is necessary to obtain the stress and 
deformation state some few microns from the crack tip as required by the damage 
model. 

Calculations of a plane-strain, center-cracked panel, with zone sizes equal to 
the critical length r , have shown the nature of the developing stress and 
strain state near the blunting crack tip and have provided extrapolation schemes 
suitable for use with larger zone sizes (23). These very small zone calculations 
show a smooth transition in equivalent plastic strain from the HRR power law 
singularity to an exponential decay with distance from the crack, characteristic 
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of the equivalent p las t i c s t ra in behavior a t blunt notches. The l imi ta t ions of 
the "small geometry change" HRR calculat ions have been discussed by Rice and 
Johnson (7) . 

The zoning for a coarse, three-dimensional-precracked-compact-tension calculat ion 
is shown in Fig. 7-8. The calculat ion is compared with tes t resul ts in Fig. 7-9. 
We f i nd tha t , at f a i l u r e i n i t i a t i o n , the load predicted by a two-dimensional 
p lane-stra in ca lcu la t ion is 15% higher than the three-dimensional simulation wl.ich 

agrees with the experiment. The ca lcu lat ion of the J - i n t e g r a l , using Rice's (4) 
2 2 

contour de f i n i t i on at the i n i t i a t i o n s t a t e , * gave J , = 0.14 MJ/m (800 i n - l b / i n ). 
The value calculated from the approximate method of Merkle and Corten (24) gave 
a value 6% lower. Calculat ion of J f , al lowing some stable crack growth, would 
give a higher value. 

4.3 DAMAGE MODEL CALIBRATION 

Once i t is established that the work-hardening of the steel has been described 
wel l and that the resul ts of the computer simulations reproduce the measured data 

'<m 

Figure 7-8. Three-dimensional mesh for a 
pre-cracked compact-tension 
specimen ca lcu la t ion. 

We assume i n i t i a t i o n occurs when cracking extends over 50% of the specimen 
thickness as determined by interrupted tes t i ng . 
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load-displacement curves fo r 
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of the experiments, the parameters in the damage model can be found by examining 
the detai led evolut ion* of the calculated stress and s t ra in f i e l d s . 

According to the model, f racture star ts or extends when a c r i t i c a l value of 
damage D is obtained over a c r i t i c a l dimension r . The damage is taken to be 
the equivalent p las t ic s t r a i n , v1, augmented during the p las t i c st ra in ing by 
tens i l e mean stress o. 

m 
Thus, 

D(t) = / iP d t ' / T l - co ( f ) ] 
J0 

(7-6) 

and the parameters to be determined are c, D , r . Since th is is a const i tu t ive 
model rather than a theory of f rac tu re , the parameter r cannot be ident i f ied 
d i r e c t l y with a physical grain size or a typ ica l inclusion spacing, but i t is 
expected to be about the same size. 

The value of the parameter c may be estimated using the Prandtl f i e l d analysis 
fo r a sharp crack (22,25). The mean stress is 2.4 YQ for a material with no work 

*The data f i l e s at sequential deformation states are saved and used la ter with a 
post-processor to" calculate the damage of Eq. 7-1 and to obtain D c for a par t icu lar 
choice of f racture model constants for a given specimen qeometry. 



hardening. This requires c < 0.9 GPa" for the as-received A533B-1 steel and we 
chose c = 0.5 GPa" (0.0035 ksi~ ). The mean stress funct ion (of Eq. 7-6) vs 
e^P from the calculat ions is shown in Fig. 7-10 for the tension and Charpy 
specimens at the locat ions with maximum plast ic s t ra in . We observed that , in 
the notched-specimen simulations, the p las t ic s t ra in f i e l d is reduced by 63% over 
a dimension that is comparable to the 0,25-mm root radius of the notch. Since 
the expected c r i t i c a l dimension is only about 10% of t ha t , the notched specimens 
are not sui table f r r estimating the value of r . 

2.0 

Compact tension specimen 

Equivalent plastic strain e p 
1.0 

Figure 7-10. Mean stress weighting factor 
for calibration specimens at 
the zone where fracture starts. 
Factors greater than unity 
enhance the computed material 
damage. 

Using the parameter values given above, the damage, equivalent plastic strain, and 
hydrostatic tension are evaluated at the time of experimental fracture initiation 
by extrapolation to the point of fracture (Table 7-1). Data have been collapsed 
satisfactorily into the single number, D c = 1 02, and even plastic strain alone 
is a good measure. 



Table 7-1 
CONTINUUM FIELD AND DAMAGE AT FAILURE 

Specimen E ojGPa) 
-(IH 

D 

Smooth tension 0.83 0.60 1.05 

Notched tension 13 mm diameter 0.78 0.51 1.02 

Notched tension 27 mm diameter 0.75 0.53 0.98 

To evaluate r , we refer to experiments on specimens with notch radii that are 
comparable to the parameter value. We performed interrupted tests on fatigue-
cracked, 25.4-mm-thick compact specimens, and we made computer simulations of 
those experiments. Extrapolation of the damage field at the time of fracture 
extension indicated that critical damage was obtained at a distance r = 25 urn 
from a fatigue crack. The details of this extrapolation are discussed in (23). 
The relationship of this critical length to the microstructure of A533B-1 steel 
may be seen in the work of Van Stone (see Chapter 6) and Shockey (see Chapter 8). 

In summary, the calibrated damage model parameters are given by 

D(t) = f P dt'/[l - 0.5 c(t')] , (7-7) 

and fracture starts when 

D c(t) >_ 1.02 over r c >_ 25 \jr\ 

4.4 CHARPY V-N0TCH FRACTURE PROPAGATION 
The node-release method is used here to represent flat fractures. The fracture 
in the simulation starts or advances by relaxing the constraint on a boundary node, 
•and a stress-free boundary condition is simultaneously applied to the newly formed 
surface. This change in the constraint is applied gradually by using a multiplier 
(0 <_ F <_ 1) on the acceleration of the node. When, as in this case, the mesh 
size is larger than the critical dimension r , it is convenient to let F measure 
the subzone advance of the crack front. The criterion used to advance a fracture 
is that critical damage D (as calculated with the calibrated damage model and 
extrapolated to the crack tip) must be obtained over a distance of at least r . 
During slow growth the crack advances in increments of r . 



We started a notched Charpy simulation in plane strain, initiated a fracture at 
the notch root with this model and propagated it for 0.6 mm. Results of this 
simulation are compared with results from static and dynamic interrupted tests on 
Charpy specimens. The accumulation of internal energy in the Charpy specimen as 
a function of crack extension is shown in Fig. 7-11. The fracture model simulates 
this fracture propagation effect adequately. The measured relationship between 
displacement and notch opening angle is shown with the computed relationship in 
Fig. 7-12. Finally, a photomicrograph of a sectioned and polished specimen from 
a dynamic interrupted test is displayed with the computed fracture shape and 
extent in Fig. 7-13. The basis for the comparison is the same displacement in the 
calculation and the experiment. No correction was made for striker-stop compliance 
or dynamic specimen overshoot. This figure also shows damage-contour levels 
calculated from Eq. 7-7. 
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Figure 7-11. Charpy specimen internal energy as a function 
of crack length . 
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Section 5 

CONCLUSIONS AND OUTSTANDING ISSUES 

5.1 CONCLUSIONS 

The conclusions from the research performed to date are: 

t A f rac tu re c r i t e r i o n based on p las t ic s t ra in that is weighted by 
mean tens i le stress is able to predict duct i le f racture i n i t i a t i o n 
in f i v e d i f f e r e n t laboratory specimens that range in geometry from 
the smooth-tension specimen to the precracked, compact-tension 
specimen. 

• The same f rac ture c r i t e r i on is able to describe the i n i t i a l f l a t 
crack propagation of the Charpy V-notch specimen. 

• The f rac ture c r i t e r i on does provide a l i nk to re la te upper-shelf 
Charpy V-notch i n i t i a t i o n energy and f racture toughness measures, 
such as J T „ . Ic 

t The success of the detai led stress-analysis method re l ies on stress 
and deformation detai ls very near the crack t i p . Pract ical zone 

I size constraints require accurate extrapolat ion methods. Such 
methods are evaluated by comparison with our deta i led calculat ions. 

i 

i 
5.2 SOME OUTSTANDING ISSUES 
The following issues, important for the application of this research, remain 
unresolved: 

• Are the standard small tensile and Charpy V-notch specimens 
adequate to obtain constants of the fracture model? 

t Can a simple Charpy energy vs J, relationship result from our 
calculations? 

• How accurate are our strain extrapolations at very large scale 
yielding? 

• Are the parameters of the fracture criterion, with the exception 
of D c, independent of irradiation damage? 



5.3 DISCUSSION 

The pr incipal object ive of th is work was to develop a method to obtain f racture 
toughness from small survei l lance specimens. We have not concentrated on specimen 
redesign but on the standard Charpy V-notch and tensi le survei l lance specimens. 
The work demonstrates that i t is easy to obtain any accepted measure of f racture 
toughness by simulating that f racture toughness test on the computer with our 
ca l ibrated model. 

We have demonstrated that the model can be cal ibrated for f l a t f racture i f an 
adequate number of test-specimen geometries are avai lable. A cracked specimen 
i s required to set the c r i t i c a l length and a smooth-tension specimen appears 
adequate fo r D and the parameter c. At th is t ime, i t is uncertain whether i t 
i s necessary to fat igue-crack i r rad ia ted Charpy V-notch specimens to obtain r 
f o r i r rad ia ted s tee l . I t is possible that because, as suggested by Parks (26), 
rad ia t ion damage does not af fect the inclusion size and d i s t r i b u t i o n , our 
parameter r may also be unaffected. In that case, r could be obtained from 
tests on archival mater ia l . In ei ther case, our parameter r would be obtained, 
and c r i t i c a l damage D would then be set by an i r radiated tension-specimen t es t . 
The model would be v e r i f i e d by interrupted test ing on i r rad ia ted Charpy V-notch 
specimens, and the ca l ibrated computer program could then be used to calculate 
an acceptable f rac tu re toughness specimen test and to ob ta in , e . g . , J j . 

This procedure provides f racture toughness from standard survei l lance specimens 
and, somewhat i n d i r e c t l y , relates Charpy V-notch tr:ghness to acceptable measures 
of f racture toughness. The procedure to obtain th is re la t i onsh ip , however, is 
s i gn i f i can t l y more complicated than the empirical Charpy energy-Kj upper-shelf 
cor re la t ion of Rolfe and Novak (27) for medium strength s tee ls . I t remains to 
be seen whether the insights gleaned from our Charpy V-notch computer simulations 
(20) can y i e l d a simple re lat ionship that is va l id for the more duc t i le mater ia ls . 

t 
Fracture toughness i s associated with f rac tu re i n i t i a t i o n , and any empirical 
re la t ionship between Charpy energy and f rac tu re toughness must use only that 
energy associated wi th i n i t i a t i o n . For the as-received heat of A533B-1 steel 
at 100°C, 10% of the transverse Charpy energy is associated w i th i n i t i a t i o n and 
only 12% of that is located in the notch process zone. The probable reason 
correlat ions work wel l for high strength materials is that a higher percentage 
of the Charpy energy i s associated wi th i n i t i a t i o n and more of the i n i t i a t i o n 
energy is concentrated near-the-notcb-r 



The advantage of our method for describir.j ductile fracture over those methods 
employing characterizing parameters is that it can be applied to any specimen 
geometry and all scales of plastic yielding. Fracture occurs when the failure 
criterion is satisfied. Propagation is a sequence of initiation events. There 
is no need to define the range of validity of a parameter that is thought to 
characterize the stress state near the crack and the focus is on the fundamental 
variable—plastic strain. The disadvantages of stress-analysis methods are the 
fine zoning required for crack-tip stress and deformation-field definition and 
the sophistication required in the computer programs to accurately describe these 
fields. 



Section 6 
RECOMMENDATIONS FOR FUTURE RESEARCH 

A logical continuation of the work is to extend the calibration testing to a 
torsion geometry where shear strain is the controlling fracture mechanism. This 
work would address the shear-lip formation that characterizes the later stages of 
ductile rupture. Our propagation work, reported here, has only considered flat 
fracture where the node-release technique is satisfactory. A more general repre
sentation of fracture as described by Wilkins (28) will be required to model 
shear lips. 

After successful completion of this prelininary Charpy surveillance research, the 
methodology should be applied to irradiated and control group specimens so that 
'the applicability of the methodology to irradiated steels can be evaluated. 

.The model should next be applied directly to vessel structures. The calculations 
^reported here are all for small laboratory specimens. Structures larger than our 
laboratory specimens still require the same zone size near the crack tip because 
the crack thickness and second phase material particle distribution are the same 
size. A calculation of one of the Heavy-Section Steel Technology (29) tests 
appears appropriate. 

If the method proves successful, it can be used to design new calibration specimens 
that are easier to calculate, and engineering structures that take full advantage 
of material ductility. 

Work was performed under the auspices of the U.S D.O.E. under contract 
W-7405-Eng-48 and for the Electric Power Researci Institute Contract RP603-1/2. 
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