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L'APPLICATION DE L'ANALYSE DES RUPTURES DUCTILES POUR LA
PREDICTION DES FISSURES DE TUBES DE FORCE

par

L.A. Simpson

RESUME

On examine les progrès réalisés pendant ces six dernières an-
nées dans l'établissement d'une méthode de prédiction de la longueur de
fissuration critique d'un tube de force de réacteur en se basant sur les
résultats d'essais effectués sur des petits échantillons d'étude de la
mécanique de rupture. On décrie les inconvénients de se fier uniquement
aux résultats d'essais de rupture ainsi que les avantages de la méthode
des petits échantillons. D'après les travaux examinés, il est évident
que seule une méthode permettant d'interpréter la capacité du matériau
du tube de force d'augmenter sa résistance au développement de la fis-
sure lors de propagation stable de celle-ci, convient pour la prédiction
de la longueur de fissuration critique. On décrit une méthode dans la-
quelle on se sert de courbes de résistance au développement de la fis-
sure basées sur le déplacement de l'ouverture de la fissure, ou l'inté-
grale J; on décrit également un ensemble important de résultats expéri-
mentaux. On conclut que la méthode des courbes de résistance est un
excellent moyen d'analyser les ruptures des tubes de force qui peut
faciliter, dans une large mesure, notre compréhension du comportement du
matériau.

L'.Energie Atomique du Canada Limitée
Etablissement de Recherches Nucléaires de Whiteshell

Pinawa, Manitoba ROE 1L0
1981 août

AECL-6805



THE APPLICATION OF DUCTILE-FRACTURE ANALYSIS
TO PREDICTIONS OF PRESSURE-TUBE FAILURE

by

L.A. Simpson

ABSTRACT

Progress, during the past six years, towards establishing a
method for predicting critical crack length in a reactor pressure tube,
based on data from tests on small fracture-mechanics specimens is
reviewed. The disadvantages of relying on data from burst tests alone
are described, along with the benefits of a small-specimen method. It
is clear from the work reviewed that only an approach that can account
for the ability of the pressure-tube material to increase its crack-
growth resistance during stable crack extension is suitable for the
prediction of critical crack length. A method that utilizes crack-
growth resistance curves based on crack-opening displacement, or the
J-integral, is described, along with a large body of experimental data.
It is concluded that the resistance-curve approach provides a viable
method for the analysis of fracture in pressure tubes that can greatly
improve our understanding of the material's behaviour.
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1. INTRODUCTION

The occurrence of leaks in the Pickering 3 and Plcke ring A

reactors ^ of Ontario Hydro in 1974 and 1975, respectively, led to a

re-examination of data related to the critical crack length in cold-

worked Zr-2.5% Nb pressure tube"!. This resulted in the initiation of a

program at WNRE to establish a framework for determining critical crack

length, in a pressure tube, from tests on small fracture-mechanics

specimens. This work has progressed for over six years, in concert with

recent developments in the general field of ductile fracture, and
(2—8 )

results have been reported in seven publications . The development

of the method has now reached a stage where it is worthwile to review

all the progress under one cover, assess its usefulness and make recom-

mendations for future work. To do this, we must start with a critical

review of the burst-testing approach to critical crack-length determina-

tion, particularly with regard to the situation in 1974. The advantages

and desirability of the small-specimen approach will then be described.

The major part of this report will then describe the search for an

appropriate fracture criterion to link the results from small specimens

to the fracture conditions in a pressure tube. Finally, the limitations

of this approach are discussed, a's are recommendations for future work

on the method and areas of application.

2. WHY SMALL SPECIMENS?

Failure predictions for reactor pressure tubes are presently

based on a critical crack-length criterion, that is, the maximum crack

size in a tube that would be stable under the operating conditions for

the reactor. This critical crack length is then used in leak-before-

break arguments to show that the critical crack size is several times

larger than the minimum size of crack that would be easily detected in
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an operating pressure tube. The critical crack length is determined by

bursting sections of pressure tubing (usually about 0.5 m long) contain-

ing axial slits of varying lengths. A plot of burst pressure (or hoop

stress) against crack size is produced, and extrapolated to the reactor

operating pressure (stress) to determine the critical crack length. A

close scrutiny of the burst-test data available in 1974 " ' showed

them to be inadequate for accurately estimating critical crack length in

cold-worked Zr-2.5% Nb tubes of the Pickering dimensions. A total of

only 32 burst tests had been done on this material, distributed over

various test conditions (see Table 1). Furthermore, of these tests, 22

tube specimens had wall thicknesses less than 3 mm compared with the

wall thickness of A.I mm for a Pickering tube. Fracture mode and crack

resistance can depend strongly on thickness under ductile-fracture

conditions, and all testing should be done on specimens of the same

thickness as the structure being assessed. This of course presents

problems if different reactor designs utilize different tube dimensions,

and an understanding of the mechanism responsible for any thickness

effect is necessary if repetitive testing is to be avoided.

Similar criticisms apply to the fact that eight of the above-

mentioned tube specimens were 8.25 cm in diameter, compared to the

Pickering size of 10.3 cm, since the stress field near a crack in a tube

is influenced by the tube curvature.

With such limited data, it has not been possible to define

clearly the effects of hydrogen, radiation, temperature and yield

strength on the critical crack length. Even though these effects are

small at the operating temperature*, it is important to understand them,

since long-term irradiation or hydriding effects may result in a sig-

nificant change in tube properties. Because the above data, limited as

they were, suggested that the critical-crack-length (CCL) exceeded the

If they were large, even the limited burst-testing program would
have identified them.
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length for which a leak would readily be detected (̂  20 nan) by as much

as a factor of five at the operating temperature, there was little

incentive, prior to 1974, to make the data more precise. However, the

appearances of cracks in the Pickering tubes in 1974 focussed attention

on the failure criteria, and a renewed burst-testing program was con-

ducted on tubes removed from the Pickering reactors. The results of all

tests on cold-worked Zr-2.5% Nb as of 1978 are summarized in Figure 1.
(12)

These results are taken from the paper by Langford and Mooder , which

includes their own work and that of Wilkins et al. . The lower bound

of all data for operating temperatures intersects the operating stress

at 73 mm while for 20°C the intersection is at 46 mm. Clearly the

scatter is extremely large for a curve which is expected to reflect a

material property (fracture toughness). Whether this is due to unidenti-

fied variations in material condition, or to problems with the test

method, is not known, but one aim of the small-specimen approach was to

reduce this scatter and answer these questions.

In 1974 the small-specimen study was started as a supplement

to burst testing because of the following perceived advantages.

2.1 SPECIMEN SIZE

Burst testing is expensive and consumes a great deal of

material. The material in one burst specimen could provide over 50

compact specimens of the size used in the small-specimen study (34 nan).

2.2 EXPERIMENTAL CONVENIENCE

Testing small fracture-mechanics specimens is experimentally

much simpler than bursting large tubes. Also, some uncertainties arise

in burst testing because of the need to use a liner and/or a steel

patch under the slit, to prevent the pressurizing medium from escaping.

While simple corrections can be made for the average strengthening
(13)

effect of the liner , there is also some evidence that putting a



patch under a slit reduces the stress amplification at the crack tip,

due to tube curvature, thereby giving an erroneously high burst pres-

sure, or critical crack length .

In addition, it is much easier to subject small specimens to

desired metallurgical treatments such as hydriding, irradiation, etc.

2.3 STATISTICAL BASE

There is an increasing trend in design and safety codes to

attach probabilities to certain criteria. It is not unlikely, there-

fore, that one day it will be necessary to state the probability that a

crack of a certain size in a tube will be critical. Data for such pre-

dictions would have to be much more extensive than the data presently

available. All the burst tests together, in fact, represent a rela-

tively small number of pressure tubes since several test sections were

cut from the same tube, yet thousands of tubes are now in service and

the number will continue to increase. Small specimens provide a means

of gathering many more data so that a wide statistical base can be

generated. In addition, archive specimens could be cut from the ends of

each production tube in the same way as tensile specimens are already

taken.

2.4 MECHANISM IDENTIFICATION

Clearly, if any extrapolations are to be made to tube dimen-

sions or material conditions other than those already tested, the frac-

ture mechanism and the way it is affected by such changes must be fully

understood. This again can best be handled by small specimens, which

can be tested in quantity, and under varying environmental and micro-

structural conditions, much more easily than burst specimens. Also, the

crack-tip deformation fields in small specimens are much more exten-

sively understood, a factor which is important in mechanistic studies.

If part of the scatter in Figure 1 is due to subtle dependencies on
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strength, irradiation, temperature and hydrogen, then a small-specimen

approach has the best chance of delineating these effects.

2.5 APPROACH IN OTHER COUNTRIES

Engineering codes have not yet reached the degree of sophisti-

cation where they have incorporated criteria for ductile fracture.

Thus, the designer is left to apply highly restrictive linear elastic

codes or to develop his own (as typified by our critical crack-length

criterion). However, there are now large research programs in place in

other countries to develop procedures for design under ductile-fracture

conditions. These include the work of ASTM Committee E24.08 on elastic-

plastic test methods, the Electric Power Research Institute's very

extensive program on ductile-fracture research and studies sponsored by

OECD countries. Almost all of these procedures incorporate small-

specimen measurements. It is essential to keep abreast'of these events

since, when codes become established, they may well apply to pressure

tubes and other structural components used in the nuclear industry.

3. THE SMALL-SPECIMEN METHOD

The crux of the small-specimen method is to identify a cri-

terion for the propagation of unstable cracks in pressure tubes that can

be measured or calculated for both the specimen and pressure-tube geo-

metries. To be useful, this criterion must yield a critical value that

is independent of geometry. This is complicated for cold-worked

Zr-2.5% Nb pressure tubes by the fact that cracks do not instantly

become unstable as a structure is monotonically loaded, but extend

stably, for several millimetres, under increasing loads. Many ductile

materials show this behaviour, which derives from their ability to

increase their resistance to crack extension as a crack extends. There

are several proposed causes for this behaviour. The first involves a
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transition from flat fracture (plane strain) at crack-growth initiation,

to slant or shear fracture (plane stress), where the size of the shear

lips forming at the specimen's surfaces increases in relation to the

surface area of the crack. The second factor, which we might call an

intrinsic one, reflects the reduction in strength of the singularity of

the crack-tip strains as the crack starts to grow. For instance ,

in ideally plastic materials, the strain singularity is of the form 1/r

(r = distance from the crack tip) for a stationary crack, while it

becomes 1/ln r for a moving crack. When a stationary crack is loaded,

the strains developed at the tip are very intense. However, a crack

moving through a body is moving into material which has been strained

prior to its arrival and this intense focussing of the strains does not

occur. Thus, to satisfy a critical tip-strain criterion for separation,

more work must be fed into the process zone at the tip of a moving crack

to achieve the critical strain level. This shows itself macroscopically

as an increase in crack-growth resistance. A third source of increasing

crack-growth resistance involves the increasing size of the plastic zone

as the crack extends . One assumes that the separation events take

place in a small, intensely deformed process zone within the plastic

zone, and at the crack tip. If we assume a fixed amount of energy must

reach the process zone to satisfy the separation criterion, then an

increasing amount must be supplied from outside the growing plastic zone

since the latter will absorb an increasing fraction of the total energy.

The difficulty in analyzing such materials is that the amount

of stable crack growth they will tolerate, prior to instability, is

geometry dependent. This complicates the choice of a fracture criterion

which must be invariant with geometry.

The conditions for crack initiation, on the other hand, are

much less dependent on geometry. Thus, the choice of fracture criterion

is either one based on initiation, with its geometry independence, or

one which takes into account the increase in crack-growth resistance

after initiation, thereby taking advantage of this material property in

design.
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4. FRACTURE-INITIATION CRITERIA

Fracture criteria applicable to elastic-plastic conditions

were reviewed by Simpson in 1978v . Several criteria, based on the

initiation of crack extension (not necessarily instability), showed

geometry independence in several materials. The most promising of

these, the crack-opening displacement at initiation, 6., or equiva-

lently, the critical value of the J-integral at initiation, Jrn> were

applied with considerable success. (The J-integral is an energy flow

parameter in a non-linear elastic material, which can be considered

equivalent to an elastic-plastic material under certain circumstances.)

The suitability of 6. as an initiation criterion for cold-
1 (3)

worked Zr-2.5% Nb has also been assessed by Simpson . Compact tension

specimens, containing a fatigued-in starter crack, were pulled to fail-

ure. Measurements of the stretch zone separating the fatigue crack from

the actual fracture surface were shown to be closely related to <5.. A

limited number of specimens were tested, from which it was concluded

that 6 is close to 50 um, both at 20°C and 240°C in those specimens

with hydrogen concentrations < 10 lig/g. A concentration of 200 Ug/g of

hydrogen did not alter 6. significantly at 240°C, but reduced it to

about 25 um at 20°C. From these preliminary Measurements, it became

clear that an initiation-based criterion would not be suitable because

it grossly underestimates the true failure conditions. This can be seen

from the following calculation. First, we use the 6. measurement to

estimate the critical value of the stress-intensity factor, K, in a

cracked tube through

K2

« • «>

where a = yield strength

E = Young's Modulus

K = critical value of K at initiation



- 8 -

Verification of equation (1) over a wide range of K values has

been reported elsewhere^ ' and will be summarized in a later section.

Then, using the expression for the stress-intensity factor of

an axial crack in a tube ' (Pickering size),

1/2

K
8ao ln(sec

2a
(2)

where

2a = crack length

a < flow stress = 1/2 (a + a )
y u'

a = ultimate strength

a,, = hoop stress in tube at failure
n

M 1 + 1.255 f- - 0.0135
Rt R2 t

1/2

(3)

R = tube radius = 5.35 cm

t = tube thickness = 4.1 mm,

we can calculate 2a by iteration. Equation (2) is simply a modification

of the linear-elastic equation for a crack in a plate when the crack

length has been corrected for the effect of the plastic zone. M is a

factor that accounts for the additional stresses that arise at the crack

tip because of the curvature of the tube.

The use of K in this calculation can exceed the usual guide-

lines for its validity as a crack-tip parameter. However, we justify

its use through the experimental verification of Equation (1), and the
,(18)

findings of Paris and Irwin that the use of a plastic-zone correc-

tion can extend the range over which K measurements have significance.
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For <S = 50 um, the critical crack length is 44 mm at 20°C

(a % a = 800 MPa) and 35 mm at 240°C (o £ 5 = 530 MPa)*. The differ-

ence arises from the temperature dependence of a and E, but this dif-

ference is not significant because of the scatter in the limited mea-

surements of 6.. In any event, the CCL values lie well below the lower

bounds for the data in Figure 1 and illustrate the conservatism inherent

in a fracture criterion based on initiation criteria.

5. THE RESISTANCE-CURVE CONCEPT

Clearly, any criterion that will accurately predict the criti-

cal propagation condition for a crack must allow for the increase in

crack resistance as the crack extends. This is accomplished by means of

an R-curve (resistance curve), which is simply a plot of some parameter

describing the instantaneous resistance to crack extension, as a func-

tion of the extent of stable crack growth beyond initiation, Aa. Two

requirements must be satisfied for crack instability:

1. The driving force for crack extension must exceed the crack-

growth resistance.

2. The first derivative of the crack-driving force with respect

to crack length must exceed the slope of the resistance curve.

Early R-curve work dealt with large, plate specimens for which

the stress-intensity factor (corrected for plastic-zone size) was used

as the resistance parameter. There was evidence to suggest that R-curve

shape was geometry independent so that an R-curve generated on a labora-

tory specimen could be used to predict failure in a structure. This is

Here ov and au have been used interchangeably because they differ
by only 7-8%, which is less than the usual scatter in measurements
of either oy or au.
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done by comparing a plot of crack-driving force against crack length for

the structure with an R-curve taken from a specimen, as in Figure 2.

The crack-driving force essentially represents the energy available for

crack extension per unit crack extension and can be determined analyti-

cally for cracks in simple geometries, and, by finite-element analysis,

for cracks in more complex geometries. The R-curve, in Figure 2, is

moved horizontally until it is just tangent to the driving-force curve,

where the two conditions for instability are satisfied. Thus, the

crack-driving force always exceeds the crack-growth resistance. If the

resistance curve is moved to the left, it will rise above the driving-

force curve (Figure 2) and the crack will be arrested. The critical

crack length is the intercept of the R-curve with the abcissa when the

tangency condition is satisfied.

Because conventional resistance-curve studies were carried out

on specimens cut from plate, with large in-plane dimensions, it was

possible to use the linear-elastic stress-intensity factor, VL , with a

plastic-zone correction, to characterize the crack-growth resistance.

However, the size of fracture-mechanics specimen that can be cut from

pressure tubing is limited to the extent that the plastic-zone size is

too large relative to the in-plane dimensions for the use of K_ to be

valid. At the time this approach was under consideration, work was just

emerging in the ductile-fracture field that used 6 and J as the R-curve

parameters. The conditions for validity of these two elastic-plastic

parameters are less stringent, hence, following this approach, a proce-

dure was developed for predicting critical crack length using 6- and

J-based R-curves, the results of which are published in three papers ' .

These three papers are summarized in turn below.

5.1 DEVELOPMENT OF THE METHOD

(4)
Simpson and Clarke have reported methods they developed for

measuring crack-opening displacement and the J-integral as a function of
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stable crack growth. In addition, some initial steps were taken to

assess the geometry independence of the resulting R-curves.

Three sizes of compact specimen were used, as shown in Fig-

ure 3, corresponding to widths (W) of 17, 34 and 68 mm, where W is the

distance from the loading line (through the centres of the two holes) to

the back surface of the specimen. The specimen thickness was maintained

as close as possible to that of the actual pressure tube from which it

was cut. A method was developed for measuring the crack-opening dis-

placement at the actual crack tip as the crack extended. This is defined

here as the total displacement undergone by two points on opposite sides

of the plastic zone, and outside the zone boundary, up to the instant

the crack tip reaches the line joining them. More crudely, it can be

described as a measure of the average strain in the plastic zone necessary

to fracture the material at a given stage of crack growth.

The experimental arrangement is shown in Figure 4. The

specimen is held in pull rods, in a testing machine that monitors the

load on the specimen as it is deformed. Crack growth is monitored by

measuring the change in electrical resistance of the specimens as the

crack extends. Most R-curve determinations in the past have used com-

pliance measurements to follow crack extension. The need to test at

elevated temperatures prevented the use of the clip gages necessary for

this approach, and experience in using the dc potential drop method to
(19)

follow hydrogen-induced subcritical crack growth suggested that this

technique would be highly suitable, particularly as it gives a contin-

uous reading of crack extension. A constant current (•v 10 A for 34-mm

specimens) was passed through the specimen during the test, via the

screw-in copper leads shown in Figure 4. The potential drop across the

crack was monitored using zirconium leads and a chart recorder with

100-uV full-scale sensitivity.

The change in potential drop with crack extension is linear in

a/W for the compact specimen geometry, for 0.3 < a/W < 0.7. This was
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confirmed for the compact specimens (Figure 3) by following a fatigue

crack in which the fracture surface was periodically marked (y every

1 mm) by overloading. By using this relationship, the amount of crack

extension in any specimen was calculated from the change in potential

drop from the start of the test. This technique was capable of detect-

ing crack extension of less than 10 pm, which was more than adequate.

Crack-opening displacement (6) was measured directly on each

specimen by photographing pairs of microhardnesi indentations on oppo-

site sides of the crack mouth as the specimen was loaded. For each load

level, displacement at the crack mouth was measured, plotted against

distance from the original crack tip, as in Figure 5, and a line was

drawn through to the apparent centre of rotation on the abscissa. The

intercept of the original crack front was the 6 at that point; 6 at

the actual crack tip was found by marking the position of the crack

front, as determined by the potential drop data, on each line (load

level) in Figure 5. Joining these points yielded a locus of the actual

6 during the test.

The results in Figure 5 also gave the load-line displacement

required for J-integral determinations. To calculate J, the method of

Garwood, Robinson and Turner was employed to provide an expression

for calculating J at successive stages of stable crack extension from a

single load, P, load-point deflection, 6 , curve, viz.,

W-a 2 (U -U )
T - T n

 +
 n n~-i f/\

B (W-a

where J = J at the nth point along the P-6 curve

W = specimen width

a = crack length corresponding to point n

U = area under the P-S curve up to point n.
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The initial value of J (= J ) is taken at or prior to the initiation of

stable crack growth, and is calculated from the Rice, Paris and Merkle
(21)

equation

2 U
J
0 • B"(w=ry • <5>

Equation (4) is based on the assumption that the deformation field at

the crack tip, which has undergone an increment cf stable crack exten-

sion to a , is the same as for a non-linear elastic specimen, of initial

crack length a , loaded to identical values of P and 6 , but with no

crack extension.

Resistance curves were generated for 20°C and 300°C for speci-

mens with hydrogen concentrations of either 20 or 200 (jg/g- Most of the

R-curves were determined in terms of S, which was subsequently converted

to units of K using Equation (1). This was to facilitate comparison

with curves for crack-driving force, which were also computed in terms

of K.

A typical resistance curve for 20°C and hydrogen concentration

< 20 ug/g is shown in Figure 6. Note that crack initiation occurs near
1/2

K = 50 MPam , and that the curve rises steeply during the first two or

three millimetres of crack extension to levels of three or four times

the initiation value, demonstrating the strong increase in crack-growth

resistance characteristic of this material. Note also that the data for

68-mm specimens are indistinguishable from those for 34-mm specimens.

Curves for specimens with W = 17 mm and specimens with deep cracks

(a/W >v< 0.6) also fell within the scatter band of Figure 6. At the ti.me

of writing, this independence of R-curve shape of specimen size and

crack length was taken as an indication that the R-curves might be

geometry independent. R-curves determined for 300°C were also very

similar to those in Figure 6 for the first 5 mm of crack extension. The
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decrease in IC in the latter stages of Figure 6 is probably not signifi-

cant as the crack was approaching the back surface of the specimen at

that stage.

A curve of crack-driving force was calculated using Equa-

tion (2) for an operating hoop stress, crI = 120 MPa, in a pressure tube

containing an axial crack. The use of a stress-intensity factor cor-

rected for the plastic zone is a weakness in this approach. However,

because the tube dimensions are large, relative to the crack size, it is

less serious than using it to describe the crack-tip condition in a

small specimen.

The critical crack length was estimated using the curves at

the upper and lower bounds for the data at 300°C. (At the time this

work was done, insufficient burst-test data were available on unirradi-

ated material at 20°C to make an estimate at this temperature worth-

wile.) The CCL was predicted to be 75 - 85 mm, just above the lower

bound of the data in Figure 1. This agreemenc was encouraging and

prompted a further study in which R-curves a-.id burst tests were per-

formed on identical material.

5.2 TESTING THE METHOD

The yield strength of a pressure-tube specimen can vary by up

to 20% depending on the end of the tube from which it is cut. This is

due to cooling of the billet during the hot extrusion of the tube. To

eliminate errors due to material variability, tests were conducted on

small specimens cut from tube sections that had previously undergone

burst testing. The results were used to predict the critical crack

length (in this case the actual crack length in the burst specimen) in

the tube section, using the curve of crack-driving force associated with

the measured burst pressure. By this means, it was hoped to avoid the

effect of property differences between the pressure tube and the small

specimen. Six pieces of tubing were selected for burst testing, two
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each with crack lengths of about 25, 50 and 75 mm. One specimen of each

crack length was burst at 20°C, the other at 240°C, and the nominal hoop

stress at failure was determined. The compact specimens (34 mm) were

cut from undeformed parts of the burst tubes and R-curves expressed in

terms of both 6 and J were determined for the temperature of the burst

test. The use of J as the characterizing parameter is currently receiv-

ing greatest attention in the ductile-fracture field. One advantage is

in the calculation of the crack-driving force for structures, which can

be done by finite-element methods more easily than for 6. This is

because of the "supposed" path independence of J and difficulties in

defining 8 in a manner that can easily be measured experimentally.

Curves for crack-driving force were calculated using Equa-

tions (1) and (2) for 6, and Equations (2) and (6) (below) for J

J = f- (6)

The use of these relationships between J, K and 5 will be

justified in a later section. The results of the critical crack-length

predictions are presented in Table 2. Several interesting observations

can be made here. First, the predictions based on 6 are in excellent

agreement with those based on J, which indicates an encouraging degree

of consistency between the two approaches. Secondly, the compact spe-

cimens underestimate the critical crack length by a significant amount.

This provides a strong suggestion that there is, after all, a geometry

dependence. Figure 7 shows the R-curve estimates plotted along with a

failure curve, for a criterion based on crack initiation. In this case,
1/2

an initiation value for K of 50 MPa m was used for both temper-

atures, a value obtained by extrapolating the 6-based R-curves to zero

crack extension. Clearly, while the R-curves are conservative, they are

not nearly so conservative as an initiation-based prediction, which

underestimates the measured burst strength and critical crack size by

factors of three or more. Figure 7 also shows critical crack length
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predictions for the operating hoop stress of 120 MPa that are 85 mm at

20°C and 90 mm at 240°C, well within the range of the burst-test results

shown in Figure 1.

Finally, curves based on plastic collapse are also plotted in

Figure 7. These are calculated by taking Equation (2) to the fully

plastic limit, that is when K ->• •» or

Even though M is calculated from a linear-elastic stress

analysis, Equation (7) has been shown to give good agreement for col-

lapse loads in other materials( '. Note that the actual failure line

for the burst tests in Figure 7b is very close to the plastic collapse

line at 240°C, but well below it at 20°C (Figure 7a). These results are

supported by observations of the failure modes in the burst tests. At

240°C, extensive plastic bulging occurred around the crack, whereas, at

20°C, the failure was accompanied by much less plasticity. From this,

it might be surmised that the critical crack length should be less at

300°C than at 240°C since failure by a plastic collapse will be con-

trolled by the yield stress of the material. This is opposite to what

one would expect if crack propagation controlled the failure process

because a decrease in the yield strength normally increases fracture

toughness. This is just one example of the importance of understanding

the fracture mechanism if reliable predictions are to be made.

5.3 J - 5 - K RELATIONSHIPS

At this stage, it is useful to review some of the relation-

ships between fracture parameters used in this study, and comment on

their validity. In the literature, a more general form is found for

Equation (1), viz.,

6 = mfij (8)
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where m is a constant. Numerous analytical and experimental studies put

m in the range 0.5 £ m £ 1.0. The choice of m = 1.0 in this work is

based on experimental results spanning a wide range of K values from two

experimental studies on Zr-2.5% Nb . For K values less than the

initiation value, results from a study of hydrogen-induced, sub-critical

crack growth were used, in which specimens containing fatigue cracks

were loaded to fixed values of K, and held while sub-critical crack

growth proceeded. Stretch zones were produced during the initial load-

ing, which separated the surface of the fatigue crack from the surface

of the propagating crack. These stretch zones were easily measured for
1/2

K values down to 20 MPa m , and converted to crack-opening displace-

ment. Plane-strain conditions applied at the specimen mid-section for K
1/2

values up to at least 40 MPa m so that, in this case, K was a valid

parameter of the crack tip. Values for 6, calculated from stretch-zone

size, are plotted in Figure 8 as black points. In addition, 6 values

determined from the R-curve studies, are plotted against K values cal-

culated from the applied loads and the plastic-zone-corrected crack

length, for values of 6 up to about 0.1 mm (hollow points). This covers

the range of K up to where a significant portion of slant (plane-stress)

fracture is occurring. Since m = 1.0 provides an excellent fit to the

data (Figure 8) from two independent studies, it was adopted for this

work.

The relationship between J and 6 which results from combining

Equations (1) and (6), viz.,

J = a 6 (9)

was also tested in this work and the results are reproduced in Fig-

ure 9. Here, both J and 6 were determined on the same compact speci-

mens but from independent measurements; J from load and load-point

displacement and 6 from displacement measurements at the actual crack

tip. The value for J was calculated from these measurements using the

expression derived by Garwood, Robinson and Turner ' ' ' for J after
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an increment of crack extension (Equation (4)). This has been shown
(22)

to be identical to an expression derived by Hutchinson and Paris

which is more widely applied now in the United States. Because there is

always some question of the significance of J after stable crack exten-

sion, experiments are necessary to confirm its consistency as a fracture

criterion. In Figure 9, the best fit to the data gives

J = 1.08 a 6 (10)

The factor 1.08 is close enough to 1=0, considering the scatter, that

the theoretical relationship, Equation (9), can be assumed to be valid

here. In fact, if a is replaced by the flow stress a in Equation (7),

it becomes almost exactly equal to Equation (10) since Zr-2.5% Nb shows

between 10 and 15 percent work hardening. There is theoretical justi-

fication for replacing a with a . This consistency between the

experimentally measured parameters 6, K and J and the theoretical rela-

tionship, supports the contention that the parameters measured here have

validity.

The use of J as a characterizing parameter, after the initia-

tion of stable crack growth, can be criticized because J is defined only

for conditions of non-linear elastic behavior of the material at the

crack tip. While this definition is also valid for elastic-plastic

conditions, provided deformation plasticity theory holds, proportional

loading everywhere in the material must then occur. Unloading of mate-

rial elements (such as would occur in the wake of a propagating crack)

is therefore not allowed. Recently, however, criteria have been pro-

posed which allow the J-characterization of the crack-tip condition to
(22)

be used after small amounts of crack extension. Hutchinson and Paris

have demonstrated that under certain circumstances, proportional loading

will occur everywhere except very close to an extending crack tip.

Under these circumstances, crack growth is said to be J-controlled,

because J can still uniquely describe the crack-tip fields. The condi-

tion they derive is that
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(11)

From this, it can be seen that the steeper the J-resistance

curve, the more readily J can be used to characterize stable crack-

growth behaviour.

A second criterion, arising from a finite-element study by
(23)

McMeeking and Parksv ' states

W - a > 25 ̂ - (12)
y

This arises from considerations of the relaxation of constraint as the

crack tip approaches the back surface of the specimen.

A quantitative statement of Equation (11) has not yet been

agreed upon. However, indications are that w should at least equal 10.

In the 34-mm specimens used in our studies ' ' , this criterion is

usually violated after 1 mm of crack growth. Since, beyond this limit,

J, as determined experimentally, no longer uniquely describes the crack-

tip conditions, there is no reason to expect the remainder of the crack-

growth resistance curve to be geometry independent. In a third major

study , discussed below, his was indeed seen to be the case.

5.4 EFFECT OF SPECIMEN GEOMETRY

In the third study , tests are described on centre-cracked

tensile (CCT) specimens (Figure 10) cut from the same tubing as some of

the specimens used in the study by Simpson and Wilkins . The CCT

specimens present considerably more experimental difficulties than

compact specimens. They are larger, and therefore consume more mate-

rial, are more difficult to fabricate and require much larger loads for

testing. If crack extension is not uniform from both ends, the measure-

ments of electrical potential (for crack-length determination) are
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invalidated. Finally, crack-opening displacement is much more difficult

to measure accurately in the CCT geometry.

After many attempts, some reliable J-resistance data were

obtained at 20°C on CCT specimens, and are plotted in Figure 11, along

with a typical J-resistance curve for the compact specimens from Simpson

and ^ 5 \

Clearly, the two curves diverge after about 0.5 mm of crack

extension, the CCT specimen giving a much steeper R-curve. When the CCT

data were compared with the curve of crack-driving force for the pres-

sure tube, the predicted critical crack lengths were very close to the

actual values (Table 2), especially for the two shortest crack lengths.

This is not surprising when one notes the similarity between the CCT

geometry and the axial crack in a pressure tube. It was then argued

that, because the compact-specimen geometry provides more crack-tip

constraint than the CCT specimen, the plastic zone will be smaller and,

hence, the resistance curve will be less steep. Therefore, the compact

specimen will always give a conservative estimate of the critical crack

length, but not so conservative as to unduly restrict the use of the

material properties.

The second part of this last study by Simpson comprised

tests on compact specimens containing side-grooves in the crack plane to

suppress formation of shear lips. In this way, it was possible to sepa-

rate the intrinsic contributions to crack-growth resistance from that

due to formation of shear lips. At 20°C, side-grooved specimens showed

very little intrinsic crack-growth resistance, and became unstable after

less than 1 mm of crack extension (see Figure 12a), indicating that most

of the crack-growth resistance comes from shear-lip formation at this

temperature. However, at 240°C, the shear lips accounted for only about

half the increase in crack-growth resistance (see Figure 12b). Thus, at

240°C, there appears to be a large intrinsic component. This point

would be important if one had to consider stable crack growth under
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plane-strain conditions, such as growth of a part-through crack in a

pressure tube. Without the shear-lip component, the resistance to

stable crack growth is greatly reduced, especially at room temperature.

6. SUMMARY

1. The need to develop a small-specimen approach to the prediction of

critical crack length has been established because of the following

advantages: (a) it will provide a wide database on which to make

probability calculations, (b) it will lead to an understanding of

the ductile-fracture mechanism in pressure-tube materials so that

failure predictions for untested conditions will be possible,

(c) it will allow our design procedures to keep in step with the

development of engineering codes for ductile fracture.

2. It has been established that the resistance curve approach, based

on J or 6, provides the most suitable approach for the prediction

of critical crack length from tests on small specimens. This is

because the large increase in crack-growth resistance with crack

extension is taken into account.

3. The compact specimen was found to be convenient to use and com-

patible with most experimental facilities in mechanical-testing

laboratories. Predictions from tests on these specimens were found

to have a degree of conservatism, but it is not so large that the

excellent material properties of Zr-2.5% Nb would be under-utilized.

4. A great deal of useful data have been generated concerning rela-

tionships between the fracture parameters J, 6 and K.
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7. FUTURE WORK

The method has now reached a stage where it can be used to

assess the effect of temperature, hydrogen, irradiation and strength on

critical crack length. Some information on the first two items is

already available ' . Forty compact specimens cut from the same

stock used by Simpson and Wilkins and Simpson have been irradiated

in WR-1 for one year and are now ready for testing in the WNRE hot-cell

facility. Both hydrided and unhydrided material will be tested at four

temperatures between 20"C and 300°C. This should provide an excellent

database from which to assess the above effects.

Other areas for investigation include thickness effects, other

alloys such as Zircaloy-2, and effects of strength and microstructure.

The micromechanics of the ductile-fracture process itself

should be examined. The criteria for void nucleation, which is the

precursor to crack extension should be identified and the role of the

variables discussed above on this criterion should be understood. We

will then be in a position to predict the fracture conditions in oper-

ating components for a wide range of geometries, environmental condi-

tions and material properties.

Finally, a better method for calculating the crack-driving

force should be developed, probably by using elastic-plastic, finite-

element codes.
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TABLE 1

BURST TESTS ON COLD-WORKED Zr-2.5% Nb AS OF MID-1974

Test Temperature

No. hydrided

No. irradiated

No. irradiated
and hydrided

No. as-received

Totals

25°C

2

2

1

5

10

300°C

1

13

1

7

22

Totals

3

15

2

12

32
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TABLE 2

CRITICAL CRACK-LENGTH PREDICTIONS USING J- AND 6-BASED

RESISTANCE CURVES FROM COMPACT (CT)5 AND

CENTRE-CRACKED TENSILE (CCT)(6^ SPECIMENS

Tube No.

1866/27

1866/5

1866/15

1960/2

1960/5

1960/7

a

MPa

834

791

864

558

572

546

°H

MPa

481

317

242

289

466

206

Measured CCL

2a

mm

24.5

44.8

74.4

43.6

24.2

73.5

Predicted CCL

CT

6

mm

17

35

44

33

14

48

J

mm

18

38

42

35

15

51

CCT

5

mm

21

39

54

J

mm

24

44

62
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FIGURE 10: CCT Specimen Used for Crack Growth-

Resistance Studies
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