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FOREWORD

This project is part of a larger, coordinated effort of four
institutions designed to establish a rational crack arrest wethodology
for nuclear pressure vesselr. The program favolves Batte.le's Columbus
Laboratories, the University of Maryland, Materials Research Laboratory,
and the University of lllinols, and is belng supported by the L. S.
Nuclca: Regulatory Commiss.on .nd the Electric Power Research Institute.
The program is implementing racommendat fons of a PVRC/MPC working Group
on crack arrest and includes work on dynamic tracture mechanics analysis,

measurements of crack arrest 1n a varlety of systems using common experi-

sental materials, and photoelasti~ studies of fast fracturs and arrest.’



ABSTRACT

A comparisun between the BLL one-dizensional oad two-dimensional
4yneasmic fracture sodels was zade using exper.izentdl crack propagetion
results froz a transparent plastic as & besis for .he comparison, Both
sodels gave essentially .ne saze revults in good agrectmnt with experioent
with regard to the isportent festures of the fracture wvents, e.x length
of crack jump, and the vartfation in the instaentanecus stress intuensity and
crack velocity with crace tip pousition during propegation. oume difficulties
in these calcusations due tou the viscoelasiic pruperties vt the plastic
ite discussed. The vne-dicensivnal bLeam-oca-elastic toundation model was
oodified slightly by replacing tne generalized foundation with a winkler
foundation. This wodification leads to lzpruved agreecent between
predicted and measured elastic cospliances in the L B geometry but has
only a szall effect on the character of the calculated run-arrest event.

Three compact tension (CT) geometry speclaens were cut fros
previously machined single-edge-notcn (5EN) specimens, These specimens
vere provided with larger diaseter loading pins with tae alm of reducing
the specimen-load system interaction .+ nad a pronounced influence
on the crack propagation events in the prei.us SEN experiments. The
results from these specisens do indeed Sndicate a significant reduction
in the total amcunt of cxternally supplled caergy duriang propagation
although it (s still significant as seasuresents of spzcizmen motion
indicate. The fast fracture toughness, KD' data based on crack velccity
meAdsurements agree very well with ‘D data obtained from DCB experiments.
In addition, extersive crack bifurcaticn was not observed even though
the specizens were provided with modest (251) side grooves.

The influence of externally supplied energy during crack propaga~-
tion was exazined in some detail. An approxizate relation was derived to
indicate * mwmagnitude of the error introduced into KD cs*%a obtained from
the me. at of crack juzmp distance. This zethod of Jdetermining KD
is intew... to replace the eaperizentally more difficult procedure which
requires measurement of crack velocity. Tnhe analysis provides a useful
guide for specifying the necessary test-fixture stiffness for sinimizing

energy exchange between the specimen and fixture during a fracture event,
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1. FPRUGRAM 5UMMARY

1.1, Introduction

This report describes the research performsed in the ninth quarter -~
I Uctober to 31 Leceuber 1976 == of o J=year program oo crack arrest. The
Progras 1Is alred ot & crack arrest wethodology for heavy-walle.! Oessure
vessels and nuclear grades of steel. FPart of the research s beiug devoted
Lo the developaent of cae- and twosdluensional, dynamic fracture mechanice
analyses of crack arrest, initlally ¢f the events studied {n the laboratory
and ultizately those of structural {nterest. The analytfcal wvork is belng
led by M. F. ranniaen, together with P. C. Lehien and C, Popelar. The
experivental work is aimed at the validation of the acalyses, the develop-
Gent of & crace arrest testing practice, and the establishoent of o crack
Arrest data base for nuclear yrades of steels. This phase of the work is
being led by R. G. hoagland, together with A. K, Fosentleld, C., =, Marschall
and G, T. Haln, OUverall Fesponsiblilicty of the program rests with G, T. ahn,

The progras consists of four tasks:

Task 1. The objective of this task is the developzent of one- ang
tvo-dimensional dynaslic (inite ditference analyses of test pleces ane dels
of & pressure vensel, The basic analytical rethods have been worked out
and are described In the Second Annual Report (BMI-NUREG-1957), Work is now
underva ' to extend the two-disensional wnalysis to & cylindrical section

vnder thermal stress.

Task 2. This task provided critical experiments to validate

analyses and theory and is escentially complete.

Task 3. This task has the objective of developing a testing

practice for measuring Kl.. the crack arrest zaterfal preperty, of hoth

unirradiated and irradisted steel samples. The feasibility of one
practice, based on wedge-loading 4 rectanguiar DCB (double cantilever
beaz) test plece has already been demunstrated (BMI-NUREG 1959, 1976),
Thir test plece requires deep side Brooves to stabilize the crack path

and to prevent large-scale crack branching. Ia view of unresolved
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quest ions about the grooves, alternative geometries, the SEN (singie~
edge-notched) and CT specimens, are being studied. The introduction of
these geometries has created new problems particularly with regard to
testing machine stiffness. lo addition, a method for scbstantially
reducing the voluse of tesl material (particularly irradiated saterial)
needed to perform fracture toughness and crack arrest tests has been
evaluated.

Task 4. The objective of this task is to establish a crack
arrest property data base for A53.. and A508 o.uce an acceptable test
practice is in hand.

«.2. Summary of Progress

The research performed in this quarter pertains to Tasks 1
and 3, and is summarized In the following paragraphs.

Task 1. Dynamic Fracture Mechanics Analyeis, During this

reporting period the fully dynamic one-dimensional, beas~like and two-
disensional fracture analyses were examined in greater detail, These
analyses have been developed at Battelle for the purpose of interpreting
the dynamic fracture toughness, ‘XD‘ and ‘l- in the exp*riments on nuclear PV
steels. A direct comparison vas made between the predictlons of the one-
dimensional and two-dizensional wmodels for & set of UL experiments on &
transparent plastic, Araldite B, reported by J. F. Kalthoff, et al. at
the ASIM Symposium on Fast Fracture and Crack Arrest held ia Chicago in
June, 1476, These experiments are useful because they provide a direct
measure of the stress inteasity assoclated with a ruaning crack through
an optical technique known as the sethod of caustics. With regard to the
length of crack jump (fros initiation to arrest) and the variation of
stress intensity and crack velocity with crack length during propagation,
the agreement between the two analyses was very good and both also agreed
well with the experimental data. Some uncertainty in the calculation is
introduced due to the strain rate sensitivity of the elastic properties
of this macerial but the errors are probably ssall. In aadition, the
one~dimensional model was modified slightly by replacing the generalized
foundation with a Winkler foundation through removal of the torsional

rreistances of the foundntion elements. This modification improves



B

1-3

agreement betwer., the calculated and seasured elastic compliances of ICB
geonmetrier but has only & small effect on the charscter of & calcul.ted

run-arrest event,

Task }. Standard Test Practice for Unirradiated Steels. Work

to develop a useful crack-)ine loaded two-dlmensional geometry s coatinuing.
Previcus vork or single-edge-notch specizens Increas=d our avarecess of the
need fur stiffness in the 'cading system. In particular, the elastic

strain energy stored in the loading yins due to bending and compression at
the conta . points between the wvedge and pins is quite large. As a
consequunce, crack propagation does rot occur under fixed grip conditions
since a portion of this energy is supplied *0 the epecimen. Three N
specinens were modified to a slightly more compliant compact tension .. T)
gecmetry and the diaseter of the load pins was Increrased by 40 percent.

Crack propagation tewts on these spercinens show 8 substantial reduction

in specimer-load systes interacticon compared to the SLI exjerisments

although the energy input to the specimsn is stil] aignificant. ‘D
determinations based on crack velocity measurements agree very well with
earlier measurements derived froa DCB tests. MHowever, the crack jusp
length gives a KD value which 18 20 to 30 percent smaller, An approximate
analysis based on an energy balance and tne predictions of the one-
dimensional and two-dimensional dynamic fracture models shows that this
discrepaacy would be the result of an increase in energy of the specimen

by about 50 percen: during propagation, Furthermore, this analysis, when
used as a guide in designing a loading system, indicates that if KD derived
slaply from a measurement of crack propagation distance is to be accurate to
10 percent, the loading sys.em must cave a stiffness about 10 times that of
the test specimen, These investigations are continuing and we are hopeful
that a simple useful, and reliable method based on the CT geometry will be

devised.
1.3, Pullications

Additional Information can be found in the reports of this

program issued previously:
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Eighth Quarterly Progress Report (Contract %o, AT(49-24)-0293),
EMI-1966, February, 1977,

Second Annual Progress Report (Task Agreement No, 62, Contract
No. W= 40S-eng-92), BMI-1959, uctober, 1976.

Sixth (rarterly Progress keport (Task Agrecsent No, 42, Contract
No, W-7405-eng=92), EMI-1931, July, 1976,

Fifth Quarterly Prugress Report (Task Agreement No, 62, Contract
No, W-1403-eng-92), AMI-1944, March, 1976.

Fourth Quarterly Frogress Keport (lask Agreement No. 62, “ontract
No, W=7405-eng-92), BNI=1939, November, i975.

First Annual Progress Report (Task Agreemeat No. 62, Contract ho,
W-7405-eng-92), 8%1-1937, August, 197%

Second Quarterly Progress Keport (lask Agreement No, 62, Contract
NO, We=7405-eng-92), BMI-11V34, May, 1975,

First Quarterly Progress kKeport (lask Agreement Nc. 62, Contract

No., W=1405-¢ng-92), January, 1975,

Toplcal Keport: K. L. Hosgland, M. F. Kasninen, A. R. Rosenfleld,
L. T. Hahn, “Rectangular-ULB Specimers for Fast Fracture and Crack

Arrest Measurements', “MI-193), December, 1974,

"Uynamic Anaivsis of .ack Propagation end Arrest do DCB Test
Specisen", M. F. Kanninen, C. Popelar, and P. C. Cehlen, ASTM
Symp. Fast Fracture and Lrack Arrest, Chicego, June 1976, to be

publishea.

“A Crack Arrest Measuving Procedure for K'n' KlD' and Kla
Properties™, R. G. hoagland, A. R. Rosenfield, P, C. Gehlen,
ard G, T. Hahn, /5TM Sysp. Fast Fracture «nd Crack Arrest,

Chicago, June 1976, to be published.

“Fast Fracture Toughness cof >tezls”, ©. T, Hahn, R. G. Hoagland,
and A. K. Fosentield, int. Conf, on Uynazic Fracture Toughness,

London, July 1976, tc be published.

“Crack Branching in A533B Steel” prepared for presentation et

ICr-4, Wateriovo, Canada (1977).

"Crack Arrest and its Relation to Propagating Crack Toughness,

Ku". submitted to Met. [rans.



The first step in the dynasic fractute analysis consisted of a
one-dimensional model applicable only to bedz-like specizens. To simulate
fast fracture in two-dicensional specizeas, such as SEN or CT, a two-
d'‘zensional analysis was developed (SMI-NURIC-1959, 1976). The two-
dimensional model however requites larger asounts of computer time and
whenever possible the one-Zizensional analysis should be used. As a result
several attezpts have been zade to reiine the one-dizensional analysis
(BML-NUREG-1959, 1976). oune furtner refinesent, nanely the removal of the
torsional springs between the beas and foundation is discussed here.

A forzmal comparison between the one- and two-dizensional sodels
in the case of a DCB specizen _s also given. The excellent agreesent
between the two wodels 4nd experizent turther justifies the use of the

more economical one~dizensicoal anal ;sis vith beam-like specimens,

2,2, tomparison of Calculations witi Measurements
of Cracm Fropagation and Arrest in
sedge-loaded sectanguar- b
specizens o! Araldite 8

In the case of steels, tie dynami: fractu-e energy R (or ILD)
as a function of crack speed can be interred from measurements of crack

speed or crack length ac arrest and the use of either the one- or two-

dimensional analysis. In the case of Araldire B [Kalthoff, et al. (1976)]),
and Homalite-100 [Kobayashi, et al. (1%75)]), independent measurements of KD
versus crack specd have been inferred from optical measuremeats in the
vicinity of the crack tip. The availability of this data provides a means
of verifying the computer models and it (s specifically for this reason
that Araldite B has been modelled in the present study.

The dimensions and elastic properties of the specimens ¢. the
Araldice B wedge-loaded DCB specimens usad by Kalthoff are sumpwarized in
Table 2.1.

The measured dynamic stress intensity factor as a function of

crack speed obtained from a number of tests is shown in Figuse 2.1,




Ceometric Properties

Initial slot length, a,

DCB ~ beam height, H

DCB - beam length, W

DCB - beam thickness, B

Distance from beam end to pin, (1
Pin diazeter

Elastic Pr:

Static elastic andulus
Dynamic elastic modulus
Dilatational wave speed, C1
Bar vave speed, C,

Static Poisscn's Ratio

Dynaaic r~isson's Raclo

¢

e85

¢
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68 mm
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3380 M¥/m’
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(a) Calculated from the dilatatiuna’ wave speed and the dynamic Poisson's

Ratio,

(b) Determined from the usual static Kl

test,

(c) Extrapolated fro= k'D Beasurements as the crack speed tends ro zero,
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DYNAMIC STRESS INTENSITY FACTOR Kyp AS A FUNCTION OF CRACK
VELOCITY V FOR ARALDITE B [Taken from Kalthoff (1976)]
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the model in this study. The first one is related to the resoval of the
torsional springs between the beam and foundation and the second one is
related to the usage of the static versus dynamic elastic properties {n the
analysis (see Table 2.1).

Firstly, in the development of the equations of motion for the
DCB speciaen (» « page 2-4 of the First Annual Report, BMI-NUREC-1937, 1975)
frem the equations of motion of eynaulc elasticity, the first equation of
the latter vas operated cn by Al ? dydz. After lavoking the divergence
theorem, which requires continuliy of the stresses, one cbialns a line

integral

-
.

fz (ny:xy + n‘:.') ds - k‘. (2.1)
where the y and 2z axes are the principal ceatroidal axes and ds is the
elem'ntal arc length of the boundary of the cross cection. The direction
cosines of the unit normal to this boundary are denoted by ny and L
Previously this integral was modeled by corsional foundation springs.
However, a closer examination of this integral reveals that since the
crack plane {s a plane of symmetry (:‘.- 0, ny = U) and furthermore since
tic lateral surface of the DCB {s stress free, then tnis integral and
a.cng with it the torsional stiffness of the foundation uprings vanish,

The effect of the removal of the torsional spriogs is shown in
Figure 2.2 for KQ - 1.3 SN/nJII. The crack growth versus time and
ene rgy versus crack growth curves are shown in Figure 2.3, From Figure
2.2 it is apparent that the computation with torsional springs (solid
line) Ls overall somewhat closer to the experimental data (1) than the
data obtained with a model without torsional springs (dotted line).
However, the latter does reproduce the arrest length more accurately,
In both computations the static elastic properties have been used throughout
except in the relationship between KD and crack speed (mixed elastic
constants). The removal of the torsional springs lowered the initial
strain energy from 0,188 to 0.144 joules. In the original computation the

value of KQ = 1.34 vas used as input to compute a pin displacementr, & = 0,34 ma,

Ofy

-
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1he removal of the springs will alter the relation between ‘Q and L. Since I
6 is the experizentally measured quantity, it was felt appropriate to heep
it the sace in the computation without tursional springs. The resulting

3/2

value of ‘q wvas 1.24 MN/a™" %, It may well be this lowering of K_ and of

Q

the strain energy upon removal of the torsionsl springs causes the
slight decrease In the KD and velocity versus crack length dasta in Figure 2.2,
It may also be .[or this reason that a shorter arrest length s predicted.
as pointed out above, the two model calculations described so far
used bota the static and dynamic elastic properties. Using the dynamic
oodulus caly to relate KD to R however leads to some inconsistencies in the
coapirt_.ion, since our fracture criterior i{s based on a comparison of
strain evergy release rate v7 (evaluated using a static modulus) to R
(computed using the dynasic modulus). To rezedy this inconsistency, the
modulus used In the entire dynamic part of the sodel would have to be the
dysazic vne. This approach was tried for Hozalite fn EMI-NUREG-1933, 1974
and leads to rather poor agreement with experizent, There appears to be
A0 unasbiguous way to declde which elastic properties tu use in which part
of the mwdel and at present it is probably safest to use the same elastic
constants throughout the entire mudel. The exes (x) in Figure 2.2
shiow the results that were obtalned when the 4ynazic modulus vas used.

As can reddily be scven, these results and the ones generated with "mixed"
elastic constants are in good agreement. Details of the crack growth ve:isus
tice and energles versus crack growth curves for this case are shown in
Flgures 2.4%4a and b,

In addition to the results just discissed, Figure . > shows
2

sizilar data for kq = ].0s and LQ e 2,3 ¥/ « The corresponding crack
Krowth versus tize and einergles versus creack growth are shown in Figure
«.ha=h.

Figure 2.5 shows that the previous results including torsiovnal
springs (#211d line) and the results without torsional springs but using
the dynamic elastic properties exclusively (---) bracket Kaltheff's
experimental observations. reeping in =ind that the sodel neglects dazp-
ing and that the errur on the KD versus crack speed relation zay be as Ligh
as 155, it 1s not possible to decide on tne basis of Figure 2.5 which
form of the model should be used. However, the model without torsional

springs should be preferred on the following two grounds: 1) as pointed cut
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One-dimensional analysis -
w— with tors'onal springs
=== without torsional springs,
dynamic elastic properties
+ess without torsionol springs,
stohic elastic properties
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anount of the elastic energy avallable to extend the crack is contained in

the lnadine niaa - .e
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MUDEL CALCULATIONS OF CRACK GROWTH VERSUS TIME
AND eNERCIES VERSUS CRACK GRUWTH IN WEDGE LUOADED
RECTANGULAR DCB SPECIMEN UR ARALDITE B

e. Ky = 1.04 (nominal), pin displacement
0,245 om static elastic properties
used, C(rack exteasioca with tice.
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sentaily measured compliance of a DCB specimen sosevhat more accurately
than the sodel with torsional springs as can be seen in Figure 2.7,
Finally, in Figure 2.5 the results obtained using the static
elastic properties are shown as dotted lines (...) for KQ « 1.04 and
2.35 H&/l)il. These results, particularly those at Kq * 1.04 are in poor
agreement with experimental vbservation and obviously, this versfon of the
model should not be used. The large discrepancy between the models using
the static and gynamic els :tic properties is surprising in view of the
fact that there is little difference bewween E,_ and kh (see Table 2.1).

L
Sizilar results were however observed for the polymer PMMA on another

program. These results are compared in Figure 1.8 showing that the experi-
mental data is well produced by a model using the dynamic modulus, but not
by & model using & static modulus. The reason for this behavior 1s at

present not clearly understood.

2.3, Comparison of 9ne- and Two-dimensional Analysis

The two-dimensional analysis has been completed and successfu'ly
applied to several SEN and CT specimens (see Second Annual and Eighth
Guarterly Progress Reports, BMI-NURLG-1959; 1976, and BMI-NUREC-1966; 1977,.
A% a result of extraneous energy stored in the pins and wedge the experi-
mentally observed crack speed versus time results cannot be unambiguously
related to a well defined value of KQ. Therefore a on :~to-one comparison
between the dynamic aspects of the model and experimental observation is
at present not poussible,

The two-dimensional analysis reproduces the experimental
compliance of SEN speciwens with great accuracy. For a comparison with
the experimental data gencrated by Van den Bocgaart (1966), see Figure 2.4
in Second Annual Report, BMI-NUKEG=1959; 1976. Preliminary results
indicate that exc. +nt agreement {s also obtained with the compliance of
CT specimens measured at Battelle. In all cases tested (SEN, CT, and LCB)
the strain energy release tate,lt based on the model compliance and {ts

irst derivative with respect to -rack lengith Is in excellent agreement

with experimental observation. However, when 4’13 evaluated from the
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sent with experiment is acceptable only when the asp~ct ratto. is less than
0.1. Since after the onset of the dynamic event Y must be obtained fros
nodal displacements, it is izportant that this quantity be computed
accurately.

For SEN specimens small aspect ratios can easily be achieved
without having excessively umall nodal spacings parallel to the crack
piane. In DCB specimeas however ly is inherently small and the number of
scd»s parallel to the crack plane must be increased to maintain « suitably
szall aspect ratio. With the geometric properties given in Table 2.1,

420 nodes had to be used parallel to the crack plane (versus 8 in the
dirvection perpendicular to that plane) to yield an aspect ratio of 0.048.
In an SEN specimen a similar aspect ratio could be achieved with
approximately one-quarter as many nodes. Furthermore, since in the ICB
case the actual nodal spacing parallel to the crack plane is about 2.5
times sma ler than in the SEN case, stability of the nugerical scheme
requires tize steps proportionally smaller. Thus, to siwulate an event
of the same overall length, requires approximately 4 x 2.5 = 10 tizes
more computer time in the DCB case than in the SEN case.

Despite this very large increase in computer time, it was felt
that at least one two-dimensional run should be made for a DCB specimen,

the reasons being as follows:

(1) The two-dimensional analysis is inherently a more
sophisticated model than the one-dimensional analysis.
Since fewer assuzptions have to be made, tae two-
dimensicnal model may esseatially be used to valldate
the one-dimensional analysis. This validation is
particularly important since the one-dimensicnal model
requires less than 5% of the computer time required
by the two-dimensional analysis. It also requires

considerably less input preparaticn.

a

The aspect ratioc is the ratio of :x, the spacing betw:en nodes in a
direction parallel to the crack plane, and .y, the nodal spacing in a
direction perpendicular to that plane.

4-1




(11) The experimental Jdata available for DCB specimens,
appear to be much less subject to interpretation
than data on SEN and CU specimens.

For these reasons Kalthoff's experimeat on Araldite B with
KQ ® 1,36 HN/-le was analyzed. As was the case with the original one-
dimensional calculatfons, the static elastic properties were used
throughout the calculation, except in the relatfonship between KD and R,
vhere the dynamic properties were uved. In the two-dimensional analysis,
no point forces are used at the crac. tip, The KD versus crack speed
relation i{s that shown in Figure 2.1

The crack growth versus ti.e and energy versus cra.k exteansion
curves are shown In Figure 2.9a and b. The two figures compare very
favorably to the one-dimensional results shown ia Figures 2.11d and e
v® the Second annual Progress Report, EMI-NUREG-1959, 1976.

In Figure 2,10 a comparison of measured and calculated KD and
crack speeds versus crack extension is glven. For comparison the original
one-“imens{onal computations have also been included.

Although the two-dimensional model predicts an arrest length that
is closer to the experimentally observed one, it s clear that both analyses
predict results that are probably within the experimental error., Since
neither analysis accounts for darping and since the experimental KD versus
velocity relation is known only to within * 152 both coaputed results could
be wodified to give a better fit yet to the experizental data. Such adjust-
ments would have to be made on an intutitive basis and at present we feel
tht both models give results close to experimental observaticn,

The good agreesment between the two models further justifies the

use of the more economical one-dimensional in ail studies in DCB specimens,

&-2
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CALCULATED FRACTURE EVENT IN A DCB SPECIMEN OF
ARALDITE B USING THE TwU-DIMENSIUNAL MODEL

b. Computation of strain (V), kinetic (T), &nd

fracture (F) energies versus crack extension,

The total energy is represented by asterisks
(*). As can be seen the energy remains
constant throughout the model calculation.
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3. APPLICATION OF THE COMPACT TENSION SPECIMEN GEOMETRY
TO CRACK ARREST MEASUREMENTS - PRELIMINARY RESULTS

3.1, Intreduction

A serles of experiments are in progress to investigate the use
of so-called "two-dimensional" test specimen geometries for measuring crack

arrest properties., llLese exper.ments seek Lo:

-

e Minimize macrobranching which occurs in A533B steel when
tested {n the DCB configuration without deep side grooves,

® Provide an alternative test geometry to the DCB specinen
for measuring crack arrest properties.

e Check the two~dimenalonal dynamic fracture analysis
developed at Battelle.

Ia the previous rep rt in this program (BMI-NUREG-1966, 1977) a
series of experiments on a singie-edge-notch (SEN) geometry was described
and analyzed. These experiments involved measuremen.. of crack velocity
and total crack propagation distances in both ordinary and duplex (43407
A51)3B) configurations., The crack propagation events were compared with
the predictions of the wodel and the agreement was found to oe rather poor.
These results pointed to several shortcomings in the speciaen design and
loadlag contiguration. [he major problem appeared to be iack of adequate
stiffness Iin the load train relative to the stiffness cf the specimen
itself. As a consequence, the loading system does work on the specizen
during crack propagation causing a larger crack extension than would be :
predicted using the assumprtion of zero interacrion between the specimen

and loadling train.

3.2. Experimental Kesults

was not adequate in the SEN experiments has been confirwed. The major

portion of the compliance of the loading system 13 due Lo the bending of che

The surpicion that the stitfness of the wedge-loading arrangement ‘

T ————— ~ - p———— e —— ‘t:------U'---'-7-1'1|
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amount of the elastic energy available to extend the crack is contained in
the loading pias. This condition is a consequence of the relatively low
compliance of the SEN geometry. In previous tests on the o 2 geometry,
externally stored strain energy was not a probles 3imply beca:se the
compliance of the DCB specimen is about five tives larger than tt- SEX
specimen for the same thickness.

In an attempt to reduce the test specimen~loading s« .h’ne *nter-
action, work has been initiated with the compact-tension (.T) geometry
Three CT specimens with a gross thickness of 25 mn and side grooved %5
percent (lnll ® 0.75) were machined from SEN specizens and have the les‘gn
shown in Figure 3.1. The specimen is somevhat more coupliant than the
SEN geometry, and, in addition the loading pins have been stiffened by
increasing their dlameter from 31.75 mm to 44.45 mm. The three CT
specimens had a duplex 4340/A533B configuration and were tested at about
NUT (-12°C) by wedge loading in the tiecdown fixture.

The crack leang"t-time records for each of the three tests are
shown in Figure 3.7/. These records show the crack velocity to be
relatively cons:ant end, indeed, much more c.nstant than was found fn the
SEN experimen:s.

Measui.ments of s ecimen motion in-plane vere also made during
che run-arrest event in te: 's «a specimens DA-43 and DA-44., These measure-
ments wele obtained from two proximity detectors moanitoring the in-plane,
Opering motioa of the edges at polats marked by "A" in Figure 3.1, The
sun of the two signals from the transducers are superpdsed on the crack
length-time graphs for specimens DA-43 and DA-44,

The displacement measurements show that the opening of the
specimen initfates fairly quickly after onset of fracture. A maxizmum
opening displacement of about 0.5 mm is reached approximatel © 200 micro-
seccnds after initiation. This opening occurs about 100 microseccads
after arrest. Actually :he specimens continue to open but at a much

slover rate. This is appereant from transducer data spanning & 10 msec
tizse interval for specimen DA-43 shown in Figure 3.3. Note that after
10 msec the crack opening has increase- oy about 0.8 mm. The fiaal opening
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The specimen thickness is
a depth of 3.18 mm each along the crack path.

to monitor the motion of the specimen edges during the tests at the locations
fdentified by the circled "A".

ON SPECIMEN EMPLOYED IN THE EXPERIMENTS DESCRIBED IN THE TEXT
25.4 mm and 45° side-grooves (not shown) are machined to
Displacement transducers were used
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The tests were conducted at about ~12°C and the applied
stress Intensity at crack initiation, K)s 1s identifled
for each of the three specimens, Upen polats identify
crack position and the solid lines the :otal displae-
ment recorded from transducers.
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wispiacement 10 Chese tests measured well after the fracture event 1is
complete (~ 2 seconds) is consicr:ably larger than the displacement at
initiation as shown in the followiog table. These displacements vere
zeasured by the clip gage attached to the mouth of the starter slot,

Clip GCage Uisplacement (om)

ec, Inftiation Arrest Differeace
DA-42 0.74 1.75 1.01
DA-43 0.74 1.80 1.06
DA-44 0.85 1.65 0.83

Following the method outlined ia BMI-NUREG-1959 (1976), the two-
dizensicoal model can be used to evaluate the ratioc lD/KQ from either a
@easurecent of the relative crack propagation distance, La/W, or the average
crack velocity V. Table 3.1 compares the ‘D values for these three tests
derived by the two methods. It i{s evidrat that the KD results obtained
from sa/w are 20 to 30 percent below the corresponding values cbtained from
V. As discussed in the next section this discrepancy could be accounted for
it about 50 perceant additional energy is introduced intc the specimen while
the crack is moving. Another izportant point is that a group of KD data
determined using DCB specizens taken from the saze lot of AS3JB and tested
at the saze temperature was found to be 120 = .7 Hxa'llz These values
agree quite well with the KD results based on V for the CT specimens.

A final observaticn of some izpor:ance is that the crack path in
these tests, 48 in the previous SEN experizents, was relatively stable,

f.e. large bifurcations were not observed. Several unbroken ligaments
rezained oo the surfaces typical of all fractures observed in this steel
after tests at -12°C,

These cbservations suggest the fcllowing interpretation of the
fra-ture events. Initially the crack propagation proceeds at a velocity

ccneistent with the fast fracture toughness, KD' of the material and the

wpplied KQ level. After about 50 to 100 microseconds, the loading systen
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TABLE 3.1. COMPARISON OF Kp DATA FOR A533B (CB1 PLATE) DETERMINED FROM
CRACK PROPAGATION DISTANCE AND FROM CRACK VELOCITY IN THE
COMPACT TENSION EXPERIMENTS AT -12°C

- —

(a) —(b) (e} {d) Kp from DCB Tests
KQ Ls v Kplia/w) Kp(V) (BMI-NUREG=1959)
Specimen e 3/2 w a/s Wim—2/ 4 Mz~ 3/2 Mz~

DA-42 141.% 0.55 370 89.4 120.6 120 = 10
DA-43 139.5 0.56 450 86.5 111.6

DA-44 148.5 0.45 450 99.8 119.3

(a) Total crack extension distance relative to the specimen width (W = 216 mm).
(b) Average crack velocity in the ASJIB test section.
(c) Kp determined using thy two-dimensional model aand the measured la/W.

(d) KD determined usins the two-dimensional model and the measured V.




Legins to open the specimen thereby increasing the total energy in the n
specisen. The crack velocity s apparently unaffected by this Steadily
increasing energy input. Instead, the crack continues to propagate at
the same velocity beyond the point where arrest would have occurred. The !
additional crack extension i{s made possible by the work done on the
Specicen by the loading system. Arrest occurs when the rate of energy
supply to the crack tip (which is now made up of contributions from both
the initial strain energy in the specimen and additiuvnal work done by the
load train) fs fnsufficlent to continue the fracture process. Following
arrest the loading system continues to drive the opening of the specimen
until equilibrium 1s nearly achieved. [Ihe final stage (n the events is a
Buch slower opening rate while the crack tip remains siationary., A
plausible explanation of this additional opening is the expansion of the
Crack tip plastic zone In concert with stretching of unbroken ligazents.
These defurmation processes would occur under strain rate conditions
which are substantially less than during prupagetion and therefore at
reduced flow stress levels,

On comparison, the externally supplied energy in the previous
SEN experiments appears to be considerably larger than in the present (T
tests. Indeed cracks propagated relatively long distances {n the test
sections of SEN duplex specinens even though the K level should heve been
Insufficient to permit any penetration of the (r.l‘-cctlon. Thus, while
it s apparent that the loading svstem needs to be stittened further, the
fncreas od diameter of the loading pln tugether with the somewhat higher
cotiplisnce vl the Ll specimen nave afforded detinite lmprovements.
Certainly, a further increase in lvading pin dianeter would be usetul.,
However, there 1s very recent evidence that 4 substantial faprovernt
could be acliteved by eliminating the stratn energy stored In the Hertzian
stress fleld at the contact lined bLetween the wedge and pins, Lfforts are
continuing to decrease the load system-specimen Interaction during propaga~
tion In twc-dimensional specimens and we are hopetul that these interactions
can be minimized., The next section provides guideliner for estimating

the required loading system compliance relative to the test specimen

cosmpliance necessary to reduce the work Ilnput to tolerable levels.
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In suznary, these CT experizents appear promising in the sense
that further increases in the stiffness of the wedge loading system would

allow the experizentally simple determination of hu from A measurement of

.4 and K .
J




4. SOURCES OF ERROR IN Kp MEASUREMENTS -
EFFECT OF EXTERNALLY SUPPLIED ENERCY
DURING PROPAGATION

The consequences of an interaction between the loading system
and the test specimen have become quite apparent in recent crack propaga~
tion experiments on SEN and CT specimens. In this section an estimate is
@ade of the errors caused by this externally supplied energy.

Suppose that the additional energy supplied the specimen during
propagation is W which causes the crack to arrest at a; rather thaa .,

Then, for that event we can write the energy balance as

.'
a
R(a' ~a ) = U#j Y da (64.1)
a 0
a
o

The ibove equation incorporates the assumption of total recovery of kinetic
energy. while this is not quite true there is the balancing effect that
the work done on the specimen during propagation will also nct be entirely
utilized in the fracture process. To a good approximation (Hoagland and
Rosenfield, 1974) the area under a curve of M versus a for many specimen
gevmetries can be represented by the geometric mean; {.e.

“

)
-
”~

| da = /BT (ay-ap 4.2)

.

)

50 Equaetion 4.1 can be written as

K(a! - a) = W+ /3;)3: (a, -a) + /TG (a} - a) (4.3)

An additional expression which represents simply the consequence of the

approximation in Equation 4.2 {is

' ' s IR = T >
',’quj; (al - a) S, (e, a) + /4.3 () -a) (4.4)

R
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| Letting ca represent (l. - no), the zero-work crack jump distance, and
da, represent (n; - a.) the additional jump distance, we can combine
Equations 4.3 and 4.4 and solve the resulting quadratic for 4a, Before
writing this result it is worthwhile to incorporate the results of the
one-dimensional and two-dimensional model calculations. These calculations . !
(cf. BMI-NUREG-1959, 1976) show that for the DCB and CT geometries a

simple relaticu between La and KQ/KD exists of the form

K

ia = cé-x (4.5)

- ——

In addition, we note that fou a given test specimen and oading system '
the elastic energy contalned in the loading system will be nearly propor-

tional to the elastic energy stored in the specimen. As & result, the

work done on the specimen during propagatfon will also be proportional to

15 and may therefore be expressed as

W o= nﬂq (4.6)
vhere
Yy = -
dj/da ¥

# 1s the compliance of the specimen and , is the fraction of elastic energy
in the specimen at crack initiation that 1is supplied to the specimen by the
loading system. In other words, if , = O the loading system is it ‘initely
rigid, and 1f y = 1 the total energy in the specimen doubles during
propagation.

Utilizing Equations 4.5 and 4.6 we arrive at the following

result for éa.

fa = {m ~C(a-a)] (1 ~a)* [ -a) (C(/a = a) = ¥0)? \

+ 4C (’r; - a) (1 -a) 1111/2 /21(1 - a)l (4.7)
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wvhere a is equal to R/lt.

Finally we note that if the measured crack jump distance 1is used

to determine ‘D via the expression given by 4.5, the appareat KD vill be
less thau the true value due to the additional crack propagation, fa,

sccording to the following,

(apparent)
- S Ty, I (4.8)
xD C .+ Lava

This expression together with Equation (4.7) i{s shown in Figure 4.1 for
10 percent, 50 percent and 100 percent additionsl energy introduced into
the specimen from external sources during propagation. The results are
expressed in terms of qukb = 1/+3 for the DCB specimen (C = 130 mam) and
the CT specimen (C = 220 um).

This relatively simple analysis shows thst work done on the
specimen during propagation can have a substantisl effect on a determination
of KD

analysis suggests that for a run-arrest event occurring while the loading

based on a measurement of the crack jump distance. For example, the

system increases the total energy in the specimen by 50 percent the
additional crack extension is sufficient to cause a 25 percent error in KD.
It is also interesting to note that fcr a given ., a slightly smaller error
ia KU results {n the CT specizmen compared to the DCB. This Is due to the
fact that, for a given uu. the crack jump distance is larger in the present
CT design than in the DCB. However, this is somevhat misleading bdecause
the coampliance of the CT is about one-fifth that of the DCB. Consequently,
at the sane Kq level the applied load on the CT and, thus, the energy
stored in the loading system, will be five times greater. Finally, this
analysis provides a useful guide for the design of a loading system, It
shows that {f the errors in £, must not exceed about 5-10 percent, the
loading system must not contribute more than about 10 percent additional
energy during propagation. Therefore, a conservative rule of thumb, the
compliance of the loading system, exclusive of the test specimen, would
have to be no greater than, one-tenth that of the specimen. This estimate
is conservative because only a4 fraction of the energy stored in the loading

systex at Initi{ation s available to the spe:imen.
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FIGURE 4.1. EFFECT OF EXTERNALLY SUPPLIED ENERCY ON THE APPARENT VALUE OF Kp DETERMINED FROM

A MEASUREMENT OF CRACK PROPAGATION DISTANCE IN CT AND DCB SPECIMENS

"opagation to the initial
«" agation.

v represents the ratio of the energy supplied durir
strain energy in the specimen at the initiation of
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} ERRATA

The following photograph should have appeared as Figure 3.3 in
the previous quarterly report in this series (BMI-NUREG-1966) but was

accidentally omitted.
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FIGURE 3.3. THE FRACTURE SURFACES OF SPECIMENS +G-3 (KIGHT) AND +5-4 (LEFT)
TAPERED DCB SPECIMINS SHOWING A COMPARISON OF THE PREDICTED AND
ACTUAL ARRESTED CRACK TIP l.OCATIONS




