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A comnarison between the BCL one-dimensional and two-dimer.sional dynamic fracture
5 models was made using experimental crack propagation results from a transparant
[ plastic ae, a basis for the comperison. Both models gave essentially the same results
; in good agreement with experiment with regard to the important features of the
j fractoure events, e.g. length of crack jump, and the variation in the instar.taneous
: s, tress intensity and crack velocity with crack tip position during propagation.
l

Three compact tension (CT) geometry specimens were cut from Dreviously machinedi

single-edge-notch (SEN ) specimens. These specimens were provided with larger diamete -

i

loading pins with the aim of reducing the specimen-load system interaction which had
a pronounced influence on the crack propagation events in the previous ?.LN experimer.ts
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The influence of externally suPflied energy during crack propagation was examined in
some detail. An approximate relaticr. was derived to indic. ate the magnitude of the
error introduced into AD data obtained from the measurement of crack jump distance,.
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FOREWORD

This project is part of a larger, coordinated effort of four
institutions designed to establish a rational crack arrest methodology
for nuclear pressure vesselr. The program involves Battelle's Columbus
Laboratories, the University of Maryland, Materials Research Laboratory,
and the University of Illinois, and is being supported by the U. 5.

Regulatory Commission cad the Electric Power Research Institute.Nucles:
The program is implementing racommendations of a PVRC/MPC Working Group
on crack arrest and includes work on dynamic tracture mechanics analysis,

la a variety of systems using common experi-measurements of crack arrest
mental materials, and photoelastic studies of f ast f racture and arrest.'.
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A comparison between tne bCL one-dimenatonal Jad two-dimensional

dynasic f racture models was made using emperi= ental crack propagation
results from a transparent plastic as a basis for .he comparison. Both

sedels gave essentially .r.e same revults in guod agrecrent with expericent

with regard to the icportant features of tne fracture events, e.g lengt h

of crack jump, and the variation in the instantaneous stress it.tonsity and

crack <elocity with crack tip position during propagation. Some dif ficulties

in ti.ese calculations due to the viscoelastic p operties of the plastic

care discussed. The one-di=ensional beam-o.i-elastic f oundation model was

modified slightly by replacing the genera 114=d foundation with a 'a'inkler
foundation. This modification leads to i= proved agreement between

predicted and measured elastic cucpliances in the L;B geometry but has
only a s=all effect on the character of the calculated run-arrest event.

Three compact tension (CI) geocetry specimens were cut from

previously machined single-edge-notch (5LN) specimens. These spectmensa

[ were provided with larger diameter laading pins with tse aim of reducing
e

| the specimen-load system interaction nad a pronounced influence. . .

(
; on the crack propagation events in the pre.leus SEN experiments. The

results from these specimens do indeed Indicate a s1 ntficant reductionE
,

in the total a eunt of externally supplied energy during propagation

although it is still significant as ce4surements of spacimen motion

indicate. The fast fracture touganess, K , data based on crack velecity
D

measurements agree very v 211 with K data obtained from DCB experisents.
D

In addition, extersive crack bifurcaticn was not observed even though

the specimens were provided with modest (25%) side grooves.
'

The influence of externally supplied energy during crack propaga-

tion was examined in some detail. An approxisate relation was derived to

indicate magnitude of the error introduced into K ** * "" # *''

D
the me; nt of crack ju=p distance. This method of determir.ing K

D

is intet... to replace the exper L=entally more dif ficult procedure which
requires measurement of crack velocity. The analysis provides a useful
guide for specif ying the necessary test-fixture stif fness for minimizink

energy exchange between the specimen and fixture during a fracture event.

w- -- a
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1. PRLERNt SLMtAM
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8 i

.

1.1. _introJuction

This report describes the research performed in the ninth quarter --
-

1 october to 11 becember 1976 -- of a 3-year program ou crack arrest. The

program is aired at a crack arrest Lethodology for heavy-walle.' pressure
vessels and nuclear grades of steel. Part ut the research is bets.g devoted
f.o the development of c.se- and two-d!Lensional, dynamic fracture mechanics

analyses of crack arrest, initia!!y of the events studied in the laboratory
and ultimately those of structural interest. The analytical work is being
led by M. F. Aanninen, together with P. C. Leblen and C. Popeler. The

experimental work is alced at the validation of the ar.alyses, the develop-
cent of a crack arrest testing practice, and the establishment of a crack
arrest data base for nuclear fraJes of tvels. This phase of the work is
being led by R. G. hoagland. t.*gether with A. R. Posenfield, C. W. Marschall
and G. T. Kahn. Oveta11 responsibility of the prostan rests with G. T. llahn.

The program consists of four tasks:

Task 1. The objective of this task is the development of one- and
two-dimensional dynamic finite dif ference analyses of test pieces anu 'dels
of a pressure vessel. The basic analytical rathods have been worked out
and are described in the becond Annual Report (BMi .NUREG-1953) . Work is now

underwa:' to extend the two-dimensional analysis to a cylindrical section
ender thermal stress.

Task 2 This task provided critical experiments to validate
analyses and theory and is essentially complete.

Task 3 This task has the objective of developing a testing
practice for measuring K ,, the crack arrest material property, of bothg

'

unitradiated and irradiated steel sacples. The feasibility of one
practice, based on wedge-loading a rectangular DC8 (double cantilever,

beam) test piece has already been demonstrated (BMi-NUREG 1959, 1976).

Thir test piece requires deep side grooves to stabilize the crack path
and to prevent large-scale crack branching. In view of unresolved

...

L - M *
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questions about the grooves, alternative geoestries, the SEM (single-
edge-notched) and CT specimens, are being studied. The introduction of
these geometries has created new problema particularly with regard to
testing machine stiffness. In addition, a method for substantially

reducing the volume of test material (particularly irradiated material)

needed to perform fracture toughness and crack arrest tests has been

evaluated. >

Task _4 The objective of this task is to establish a crack

f 'arrest property data base for A53;, and A308 oace an acceptable test
practice is in hand,r

i.2. Summary of Progress
*i

The research performed in this quarter pertains to Taske 1

and 3, and is summarized in the following paragraphs.

Task 1. Dynamic Fracture Mechanics Analysis. During this

reporting period the fully dynaste one-dimensional, beam-like and two-
dimensional f racture analyses were examined in greater detail. These
analyses have been developed at Battelle for the purpose of interpreting

n t e experiments n nuclear FVthe dynamic fracture toughness, KID' '" in
steels. A direct comparison was made between the predictions of the one-

dimensional and two-dimensional models for a set of DCS experiments on a

transparent plastic, Araldite B, reported by J. F. Kalthof f, et al. at

the ASIM Symposium on Fast Fracture and Crack Arrest held La Chicago in

June, 1976. These experiments are useful because they provide a direct i

measure of the stress intensity associated with a running crack through '

! an optical technique known as the method of caustics. With regard to the
length of crack jump (from 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 ur. certainty in tte calculation is

introduced due to the strain rate sensitivity of the elastic properties

|
of this material but the errors are probably small. In acdition, the

one-dimensional model was modified slightly by replacing the generalized

I foundation with a Winkler foundation through removal of the torsional

rasistances of the foundt. tion elements. This modification improves
,

|
|

_ _ .
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agreement betwer. the calculated and measured elastic compliances of KB
,
t

j geometries bat has only a small elfect on the character of a calcul.ted

run-arrest event.,

Task 3. Standard Test Practice for l'nirradiated Steels. Work

to develop a useful crack-itne loaded two-dimensional geometry is continuing.;

Previcus work on singic-edge-notch specimens increased our awarecess cif the

need for stif fness in the '.cading system- in particular, the elastic'

strain energy stored in the loading rins due to bending and compression at
,

j the conta.'s points between the wedge and pins is quite large. As a

consequence, crack propagation does cot occur under fixed grip conditions
since a portion of this energy is supptred 'o the specimen. Three SL4

speciaeas were modificJ to a slightly more compliant corapact tension AT)

; secnetry and the diameter of the load pins was increased by I.0 percent.

f Crack propagation tests on these speciocas show a substantial reduction
in spectaec-load system interaction coopated to the $12; experiments

although the energy input to the speciman is still significant. K D

determinations based on crack elocity measurements agree very well with
earlier measuremento derived from KB tests. However, the crack ju=p

length gives a K value which is 20 to 30 percent smaller. An approxic. ate
D

analysis based on an energy balance and tne predictions of the one-
,

dimenalonal and two-dimensional dynamic fracture acJels shows that this
i

discrepaacy would be the result of an increase in energy of the specimen
by about 50 percent during propagation. Furtherem>re, this analysis, when
used as a guide in designing a loading system, indicates that if E ' ''

| ; D

I simply from a measurement of crack propagation distance is to be accurate to
10 percent, the loading sys.es must nave a atif fness about 10 times that of

,

l the test specimen. These investigations .re continuing and we are hopeful
that a simpic usef ul, at.d reliable method based on the CI geometry will be
devised.

I

t.

1.3. Pu'.11ca t ion s

Additional information can be found in the reports of this

program issued previously:

|

|
l
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t Eighth Quarterly Progress Report (Contract %o. AT(49-24)-0293),
BMI-1966. February,197 7.

Second Annual Progress Report (Tast. Agreement No. 62, Contract

No. W-7405-eng-92), BM1-1959, october, 1976.

Sixth 4tarterly Progress keport (Task Agressent No. 62, Cont rar.t
No. W-7405-eng-92), EMI-1951, July,1976.*

O

Fifth Quarterly Progress Report (Task Agreement No. 62, Contract
No. W-1405-ene,-92) , AM1-1%4, March, 1976. -

Fourth Quarterly Progress Report (lask Agreement No. 62, 'ontract
No. W-7405-eng-92), BMI-19 39 Noverher,19 75.

First Annual Progress Report (Task Agreement No. 62 Contract tio.
W-7405-eng-92), dM1-19 37. Augus t , 1975

Second Quarterly Progress keport (Task Agreement No. 62, Contract
No. W-7405-eng-94), 1d1-1434, N y, 1975.

First quarterly Progress keport (Task Agreement sc. 62, Contract
No. W-7405-eng-92), January, 1975.

Topical hport: k. G. lio. gland, M. F. Kanninen, A. R. Rosenf f eld,

G. T. Hahn, "Pectangular-DCB bpeckw is for Fast Fractare and Crack
Arrest Measurerents", AMI-19 3 3, Decenbe r,1974

" Dynamic Anal: sis of 6ack Propagation end Arr.rst in DCS Test
Specimen", M. F. Kannir.en, C. Popelar, and P. C. Gehlen ASTM
Symp. Fast Fracture and t. rack Arrent. Chicago, June 1976, to be

published.

"A Crack Arrest Measuring Procedure for Kg, Kg ,and K ,| g

1 Properties". R. G. hoagland, A. R. Rosenfield, P. C. Gehlen,
and G. T. Hahn, ISTM bymp. Fast Fracture .n3 Cracs, Arrest,

Chicago, June 1976, to be publiahed.

" Fast Fracture Toughness of Steals'', C. T. liahn, R. G. Hoagland,
s.nd A. R. P.osentield, int. Conf. on Dynamic Fracture Toughness,

London, July 1976, to be published.

" Crack Branching in A533B Steel" prepared for presentation et
ICF-4, Waterloo, Canada (1977).

" Crack Arrest and its Relation to Propagating Crack Toughness,

K ", subnitted to Met. frans.
D
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Th f f ret stsp in ths dynasic truture enalysis coscistsd of e,

,

'
one-dimensional model applicable only to beam-like specimens. To simulate
fast fracture in two-dimensional specineas, such as SEN or CT, a two-

I
j dimensional analysis was developed (sMi-NURIC-1959, 1976). The two-

j dimensional model however requites larger amounts of computer time and
j vhenever possible the one-dizenslor.41 analysis should be used. As a result
{ several atte= pts have been =ade to retine the one-dimensional analysisa

(
(BMI-NUREC-1959, 1970). one f urtner refiner.ent, namely the removal of the

, torsional springs Letween the be.in and f oundation is discussed here.
A forr_al comparison between the one- and two-dimensional models

'

in the case of a DCB specimen .s also given. The excellent agreement
j between the two ca>dels and experiment ti.rther justifies the use of the
I

; more economical one-dimensional analysis wit % beam-like specimens.

2.2. Lo=parison of Calculations wita Measurements

] of Crari Fropagatten anJ Arrest in
bedge-Loaded hectangular-:48

, b;ect= ens o: Araidite a
,

in the case of steels, the dynaal; f ractve energy R (or K ),
p

as a function of crack speed can be interred f rom measurements of crack

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

dimensional analysis. In the case of Araldit. B [Kalthof f, et al. (1976)],
and Homalite-100 [Kobayashi, et al. (1975)], independent measurements of K g
versus crack speed have been inferred f rom optical measurements in the

|, vicinity of the crack tip. The availability of this data provides a means

{ of verifying the co=puter codels and it is spectfically for this reason

! that Araldite B has been modelled in the present study,
f

The dimensions and elastic properties of the specimens c,! the

Araldige B wedge-loaded DCB specimens used by Kalthof f are summarized in
' Table 2.1.

The mear.ured dynamic stress intensity factor as a function of,

l

crack speed obtained from a number of tests is shown in Figure 2.1.
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- Geometric Proparties

Initial slot length, a 68 sm
*

o
.DC8 - besa height, H 63.5 ase

DC8 - beam length, W 321 mm

DCB - beam thickness, B 10 mm

Distance f rom beam end to pin, f 16 amy
Pin diameter 25 as

Elastic Prt M
2Static clastic e dulus 3380 m/m
2Dynamic elastic modulus 3660 m/m

Dilatational wave speed, C 2 2 m/sg
IBar wave speed, Co 1770 m/s *)

Static Poisscn's Ratio 0.33
Dynamic eNisson's. Rai;1o 0.39

-3/2(b)''

J0.7920.13ma
Ic : 3/2(C). 0. 7 mm

|.

.

(a) Calculated from the dilatationa*. wave speed and the dynamic Poisson's
Ra tia.

(b) Determined f rom the uwal static K test.IC
(c) Extrapolated f rom K measurements as the crack speed tends to zero.ID
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FIGURF. 2.1. DYNAMIC STPISS INTENSITY FACTOR Kgp AS A FUNCTION OF CRACK
VELOCITY V FOR ARALDIIE E [Taken from Kalthof f (1976)]*
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the mod 31 la thio study. Th2 first sn2 is related to the rcaovs1 cf th2
Itorsional rprings bittmn ths bsrc exd foundstion and thi oscend cne in
1

related to the usage of the static versus dynamic elastic properties in the i
analysis (see Table 2.1).

Firstly, in the development of the equations of action for the f ,

DCB specimen (a * page 2-4 of the First Annual Report, BMI-NCRIC.1937, 1975)
f rom the equations of motion o dynamicelasticity,thefirstequationof
the latter was operated cn by z dyJz. After invoking the divergence
theorem, which requires contis u y of the stresses, one cbtains a line

,

in te gr a l

-

A

J (n z x ,) dez +n i k; (2.1)y ny r

where the y and z axes are the principal centroidal axes and ds is the
elem ntal are length of the boundary of the cross section. The direction
cosines of the unit normal to this boundary are denoted by n and n,.y
Previously this integral was modeled by corsional foundation springs. *

However, a closer examination of this integral reveals that since the

crack plane is a plane of symmetry (tz.= 0, n = 0) and furthermore since
s y

tv e lateral surface of the DCS is streiss free, then this integral and
alcag with it the torsional stiffness of the foundation 6prings vanish,

iThe effect of the removal of the torsional springs is shown in
M2Figure 2.2 for K = 1.34 MN/m The crack growth versus time andg

i
.

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) is overall somewhat closer to the experimental data (f.) 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 K and crack speed (mixed elastic '

D
constants). The removal of the torsional springs lowered the initial I

{
.

strain energy from 0.188 to 0.144 joules. In the original computation the 1

value of K = 1.34 was used as input to compute a pin displacement, 6 - 0.34 cas.g

|
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a. Crack extension with time.
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'
b. Variation of strain (U), kinetic (T), and

fracture (F) energies with crack extension.
la this model the torsional springs were
removed..the pin displacemmat wee 0.34 mm
and mixed slastic properties were used.
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1h3 rsmoval of th3 spring:: will c1tsr th2 roleti:n b:tw m K cnd 6. Sixc3g
6 is thz exp3rimentc11y meteur:d quantity, it w:S fsit typrspr kta to Ln p '

I
it the same in the computation without torsional aprings. The resulting

{
value of K was 1.24 m /s /2 It may well be this lowering of K and of

3
g .

g
the strain energy upon removal of the torsioral springs causes the
slight decrease in the K and valocity versus crack length data in Figure 2.2.g

It nr.ay also be for this reason that a shorter arrest length is predicted.
as pointed o t above, the two model calculations described so far

used botn the static and dynamic clastic properties. 1' sing the dynamic
modulus only to relate K to R however leads to so::.e inconsistencies in the

D

compLt n ion, since our fracture criterior. is based on a comparison of
strain e .ergy release rate d (evaluated using a static modulus) to R
(computed using the dyna =le cadulus). To remedy this inconsistency, the
modulus usej in the entire dynamic part of the c.edel would have to be the
dynamic one. This approach was t ried for !!c=411te in BM1-NUltEG-1933.1974
and leads to rather poor agreecent with experiment. There appears to be
no una=biguous way to decide which elastic properties to use in which part

, of the c.odel and at present it is probably safest to use the same elastic
I

constants throughout the entire casdel. The exes (x) in Figure 2.2
show the results that were obtained when the dynamic modulus was used.
As c.an readily be seen, these results and the ones generated with '* mixed **

elastic constants are in good agreement. Details of the crack growth veasus
Lice and energies versus crack growth curves for this case are shown in

Figures 2.4a and b.

In addition to the risulta j ust disuased, f igure 2.5 shows
similar data for E = 1.04 and E = 2.35 .t/s The corresponding crackq q .

growth versus time and energies versus crad growth are shown in Figure
4.6a-h.

.

Figure 2.5 shows that the previous results including torsional
springs (solid line) and the results without torsional springs but using
the dyna =1c clastic properties exclusively ( - ) bracket Kalthoff's
experimental observations. Feeping in mind that the codel neglects da=p-
ing and that the error on the K versus crack speed relation may be as high

| as 151, it is not possible to decide on Ene basis of Figure 2.5 which
form of the model should be used. However, the model without torsional

springs should be pref erred on the following two grounds: 1) as pointed oat
|

&gg_ %y --.$)5i&EGEfB22MNE5%%MM M * *
_ _ _ .___.m__ . _ - - . -
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2-22 i



'S - - - -
,

3

0
0

0
360

0
0

/ 0i
/ o

10
|#50.

7

.)
.;

-
.,1r

r 3. ni
- ,/

, 3-,'
,

f

,/<>

.', -

,y
)$ w/e

.%,|es
,

r|| r
'

i .

9
y

to /

\ l
! ?

| ! >

)'

7
1 7

ta y

f

!)
I

| ,'
\

|

|
* w

| I#0 ?*i l a, * **g gagi

?! 6 .ia) st r i

| FIGURE 2.4 MODEL CALCULATION OF CRACK CiOb7H AND ARREST IN
'

kluGE-LOADED RECTANGULAR DCB SPECIMEN OF
ARALDITE B

a. I t. this model the torsional spriig.: were
removed, the pin displacement was 0.34 can
and dynamic clastic properties were used.
Crack extension with tir.e.

|
' b..

3.NA L''

I
{ 2-23



*
-

r I

.

.. . _ _ _ _ _ _ _.

I,

I
''

,

; u ,

! U

| .no U
'

j U
V

+
U

I
U

.IP U

'l
U

v'U

U F

.30 - U g'
U V

U g'^

i F*
w Fy

: .' s r'
- ro

.0R - 0 F
- U V

U f
* FU, IJen g

Uy
Y

w
" F U

* U A '2 ' U U U' J.0t ~
, n

U
y' U

U
F Ur U

g' 'U
.04 - ,F

F
#

! r
F'

F
l F
' .07 -

F tifff'T''' ffF t

a t' g't
' t T

Tertif'rta,' M ',r0
,

e. 70. 90. 60.

a.ao inns

FIG 32 2.4. HDDEL CALCLuf!Olss 0F CBACK Ca0WIll AND ARREST IN
VIDGE LOADED RECTAJtGCLAR DCA SPECIMIM OF
ARALDITE R

b. Tariation of strain (V), kinetic (T), and
fractwo (F) energies with crack extension.

- - . .. . A

I

1



6 2.5
'
,

9

One-dimensional onelysis -
- with torsional springs

Ii

I --- without torsional springs,
I 20 g dynamic elastic properties

I
.l .... without forstonal springs.
.I static elastic properties
l
Il
;t Ko Meolured Ko

1 MN /m3/2 (Kolthoff et ol)
*I.

1
-

.i 1.04 v
| *l

is ,8 1.34 o-,

|
*I.g 2.35 *>,o,

.t

R A *l
= s%n s

E g ii >s g .i2
* s,t,; .

.

, kY, **

' O't o*g ,o..yn s.

10 t ,,....,,%.% ,, , , , - % s . .og

=.'...******s, r
\aan * * *% s ., \ 0 4 ,- ~ %.3 aa

. br . o, *. N.s s * a*s -- ,
, e

.

n *..- g. N.

... yegg 4 is
,

: 5 al 9 |
'

,

( a g ie
s05 -

ao.

6000-

\, - W~.m.w.= n.=...ee g --- - m
E

s
, \_, ,,, , ,

. .. ,,, g,

|
,

_

. . . . ., - _ - , . , p . s m.

* }.-9 'g *# *
., ; --

100 g
***- )% a| | | e O,

60 100 15 0 200
; Crack Length o, mm
i

FIGURE 2.5. COMPARISON OF EXPERIMENTAL AND COMPUTED RESULTS
'

FOR APALDITE B
!
i
4

.

u _ _ _ _ . _ _
_ _ ,m.

--

-

,*=m-

|
'



._

.

.an 7@a7*"
". .n

f

79.6(
.

3 i

.

0

*

0

70.0

0

/

|
o

f
; /

19.0 /

1~

|-
e-

ta gc.

[o
i 7'=

u !

= 10.0

7
u -

0'
!

0/
I

/
19.0 ,1

1

/ ,

e

s
>

i

.'
'O.S

c, too. 700. 105. 400.
tiar amita0 MCI

i
r

FIGURE 2.6. H0 DEL CALCULATIONS OF CRACK GRO'Til VERSUS TIME
AND ENERGIES VERSUF CRACK GRO*Til IN WEDGL LOADED

+ RECTANGULAR DCB SPECIMENS OF ARALDITE B
| a. Kg = 1.04 (nominal), pin displacement

0.245 cm dynamic elastic properties
used. Crack extension with time.,

:
,

-...

'M S

3

-
.._..as. . I J

- ~ ~

_ _ _ _ - - - - -



1

2-13

i

ee

.to't

U

is
|

.:

0? is

O

t!

tt
.S* g,

v
t'

..
,

,
* +

.G' u 3',*
-

-
e,

I e3

I
. .

~

;

?, *.,

7
r

r.,
.

I r

r

e' r
*or r

+
. 5

( r

| ' ,

8,1
, r

r

s

*
- i ? ? ? ? f g.
,

e $ g.
. e,

f C I0.0 10.0 30.0
a .a a e m =j

!.
I
t
! FIGURE 2.6. MODEL CALCULATIONS OF CRACK GRG.*TH VERSUS TIME

AND ENERGIES VERSUS CRACK GRO'a*IH IN '.* EDGE LOADED
RICTANGULAR DC8 SPECIP1NS OF ARALDlIE BP *

|

| I b. Kg = 1.04 (nominal), pin displacement
} 0.245 mm dynamic clastic properties

Ased. Variation in energy components'

with crack length.

|

/

-

e *~ s ~ w emme--me==ne w er
"

| - - - . . . . . _ _ _ . _ . . _ . .

- = , - - -. __



I
|2-14
1

f

:
.

? ;.

; 140, A.

T ,
1 4

a

| ,.y
i'

125

/
*
*

.?

[
soc. ].

: s.

$j'.

'

i
'l2

;
a rg.

$*
u +

p.e

U /
,f.'

,

*93.

!

/

/ <

7%.

E
d

?
h ,

' '
,

O.
O. 700 *03. 600.

TiPt imiC80 it C 3

FIGURE 2.6. !ODEL CALCULATIONS OF CRACK G7WTI. VERSUS TIME
AND ZNERGIES VERSUS CPACK GRfJ.TH IN WEDGE LOADED
RECTANGULAR DCB SPEC 1!1N OF flALDITE B

Kg = 2.35 (nominal), pin displacecantc.
j 0.56 cm, dynamic clastic properties

| used. Crack extension with time.

,g-], . _ _ _ . _ _ _

-

-.m - - c -- -
-- - - - -- -c-

;

!
1



1
.

U
U
U

U
i*

o*

.3C y
U

U

U
U

,75 - U,,

e U
>

U
t " u*

U
% U

u~ ,10
U,

E, u
n- u

j 5 A

"U
'

.I5 U

S

'1g
4

4;*IJttastutIII;q
'

/ 4

f Ye
F

F ' J.
NJggg- F '

'

,v' %
~

;
,

/
,%

' %,,, .-
0. 50. 100. 150.

4.a 0 gmm)

,

FIGURE 2.6. MODEL CALCUI.ATIONS OF CRACK CROWT11 VERSUS TIME
AND ENERGIES VERSUS CRACK GRO'aill IN WEDC LOADED
RECTANGULAR DCB iPECIMEN OR ARALDITE B1

d. Kg = 2.35 (nominal), pin displacement
5

0.56 mm, dynamic elastic properties
used. Variation in energy components
with crack length.

*
. , _ -

!

l
|5

1 .
_

3-2
|
|

|

I
|

l
. . . ... ...

amount of the elastic energy available to extend the crack is contained in
the Inadia. =*-- * * - - * * * *

x



1.

17.9
1
,

1

0
I

to.e

ti
i

.
'

e
a
-

P
i

a
1 %-

B
.

- *

9
*

I u
a ,a
4

,f .

a . . ,

a

1

J

.

7 *

,

e ,

1, .

i- - - i,- iis ,,t.

-r i.3 s- er;

|

}.

FIGCKE 2.6. .WDEL CALCULATIO.NS OF CRACK CRO*aTH VERSUS TIME
AND r.NERCIES VERSUS CMCK Gko'a7H IN WEDGE LOADED
Rt.CTANGULAR DCB SPECIEN OR ARALDITE B

e. ry = 1.04 (no: sinal), pin displacecent
0.245 c:a static clastic properties

used. Crack extensica with tice.

I

g@dN@3/555ND.
e s.~

as!g.. $ptmygg. [Q@N5dNSNihrdIF%mdhriW
^: NN. 5Gs3& *

msnerimiPMi rM4f,

'

- . . - - - . . _ - -.

k

t

0
|

|
..

I

l

1

1
.

t

I. - -
=I -

*
. .

|



__ _ _ _ __ _ _ . .

/ '

d

/
/
/ ,

,

SCO,
,o

/
'

0

: /-

Fl. - /
n
3
e
e
U

.

='
u
e -

=
/"

, 10. /

e

, /
75

E .

/N

$
e

6. '
8

C. 100. 600. 600.
Time im!Ca0 $tci

FIGURE 2.6
HDDEL cal.CULATIONS OF C2ACK GROWTH VERSUS TIME
AND ENERGIES VERSUS CRACK GROWTH IN WEECE LOADED
RECTANGULAR DCB SPECIMEN OR ARALDITE B
g. rq = 2.35 (nominal), pin displacement

C.56 m:n, static elastic properties
used. Crack extension with time.

, , - ~ -
_ , - -n..., w~ u -_- - - . . - . .

- f
.

- ~ _

. - _ - _ _ _ _ _ _ . __

,

~~1DA-42 Ko = 141.9 MNm'inn __

-_-_ . _ _ _ _ _ _ _ _ _ . . _ _ . _ _ _ _ . _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ __ ___ -



!

f
U ,

.0F u

U

(
'

V

o
.06 y

u

U
'

t

l I

.05 <

.

+
s

U
o., en

\-

| ' 41
| ]

a

e
'"

.C1
i

,

l
,

1 J

.0 ,

F
'

F

W

.08 F
|

F

F

I
- |

' ' ' '
' '

0. S C'
O C 5.0 10,0 15.0

a .a 0 f*me

FIGURE 2.6. MODEL CALCULATIO:ts OF CRACK GROWDi VERSUS TIMF.
AND ENERGIES VERSUS CRACK CROVTH IN WEDGE LOADED

' RECTANGULAR DC8 SPECIMEN OR ARALDITE B
|

1.04 (nominal), pin displacementf.
Kg =45 mm static clastic properties0.2
used. Variation in energy components
with crack length.

|

|

j . --

!

pog, .. . _ - . . . _ . _ - __,___--m.~

h) | fI M'

-

.,

.._ . . . . . . . ~ . - - .
- - - - - -

-

p

O
'~

, .



.

y
? e ss .u ,

U

L U

'. U
, " .' u

u
ic u j'

u
,

u>. ,

, u
,

u
I u
'

79 u
U

s.
f Uv.

a w u
( ; U

uo u* .7e
~ u

I
t O "u
> v.

u..g ., ,

*
.t5

i
u
U

f t
f

4 i
4

t i 1

#'UI4 ,,4,,

t %'Jt' 'tt1T"'T
f1 't} F

et 'ri f,7
t JF.

{ ,',1g
F i

.e4 a b 'b
F ,' r'r,

F i

,,' .w
rfrtyr

I%c . C o ? "'
| 0. 75. 50. 79. 100. 125.i

|
| a.no sant

| ,

|
| t

FIGURE 2.6. MODEL CALCULATIONS OF CRACK CROWTH VERSUS TIFI
MD ENERGIES VERSUS CRACK CR0kTH IN WEDGE LOADED

| RECTANGULAR DCB SPECIMEN OR ARALDITE B i

h. Kg = 2.35 (nominal), pin displacement 1

0.56 mm. static elastic properties
used. Variation in energy components
with crack length.

. . . .

|

,

,, -
,- ._ ,'. ,n

1
'

?4 ..--,tyb 4 S . - r- - .- . .. . .n m .. n
.;

-
- - . - - - . - - n||

, . -

u.y m . maut in enese tests measured well af ter the fracture event is

:omplete (s 2 seconds) is considerably Iareer twaa A- J8--'------- --

_ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



menteA Ay ce:curcs escpilinco of a DCS cpecimes cosewhat nors cccurct:1y

than th2 cadri with torsional cprings ca cen b2 cosn in Figuro 2.7.
e

Finally, in Figure 2.5 the results obtained using the static<

elastic properties are shown as dotted lines (...) for K = 1.04 and
3 N ,

2.35 MN/m /2 These results, particularly those at K = 1.04 are in poor.

9
agreement with experimental ubservation and obviously, this vers!on of the
cudel should not be used. The large discrepancy between the cudels using
the static and cynamic ein: tic properties is surprising in view of the

fact that there is little difference between E and 13 (see Table 2.1).D
Sizilar results were however obser.ed for the polymer FMMA on another

pragram. These results are compared in Figure 2.8 showing that the experi-
cental data is well produced by a model using the dynamic modulus, but not ,

i
by a model using a static modulus. The reason for this behavior is at 6 .

( present not clearly understood. /
I

: ; ; -

t .
.

1 e

2.3. Coeparison of one- and Two-dic.casional Analysis j

!.

! The two-dimensional ar.alysis has been completed and successfu21y
i- applied to several SEN and CT specimens (see Second Annual and Eighth

i

Quarterly Progrcss Reports, BMi-NURI.G-1959; 1976, and EMI-NUREC-1966; 1977j.
'

l'
As a result of extraneous energy stored in the pins and vedge the experi-

*

g mentally observed crack speed versus time results cannot be unambiguously
j related to a well defined value of K . Therefore a onr-to-one comparison 3*

q ,

between the dynamic aspects of the model and experimental observation is i

at present not possible,
,

The two-dimensional analysis reproduces the experimental | $
1compliance of SEN specinaens with great accuracy. For a comparison with *
,

d

the experimental data generated by Van den Eoegaart (1966), see Figure 2.4 {i 1

II in Second Annual Report, BMi-SthEG-1959; 1976. Preliminary results
! indicate that exc. int agreement is also obtained with the compliance of
|
' CT specimens measured at Battelle. In all cases tested (SEN, CT, and DCB)

the strain energy release rate,0, based on the model compliance and its
l first derivative with respect to ; rack length is in excellent agreement

with experimental observation. However, when d is evaluated from the "

.

|

- m - x - _ iM --
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i

e
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i i

.[
f seit with cap 3riment to ccespttbis cnly wh1n th:s c pact retto is loco than

0.1. Sinea af ter th2 cnzst cf th2 dyncaic evsnt 2/ ru3t bs obtainsd fromd

nodal displacements, it is i=portant that this quantity be' computed

accurately.
,

For SEN specimens small aspect ratios can easily be achieved
without having excessively small nodal spacings parallel to the crack

.

plane, la DCB specimens however ay is inherently small and the nu=ber of
Jmodes parallel to the crack plane must be increased to maintain . suitably

small aspect ratio, With the geometric properties given in Table 2.1, ;
i

|
420 nodes had to be used parallel to the crack plane (versus 8 in the

;

| l direction perpendicular to that plane) to yield an aspect ratio of 0.048. ;

. I
| In an SEN specimen a similar aspect ratio could be achieved with

approximately one-quarter as many nodes. Furthermore, since in the DCB ,

,

|f 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 numerical scheme

requires time steps proportionally smaller. Thus, to simulate an event
of the same overall length, requires approximately 4 x 2.5 = 10 times

;

more computer time in the DCB case than in the SEN case.
Despite this very large increase in computer time, it was felt J

| that at least one two-dimensional run should be made for a DCB specimen.
| the reasons being as follows:l

(i) The two-dimensional analysis is inherently a more
sophisticated model than the one-dimensional analysis.i

| f
Since fewer assumptions have to be made, tne two-

, dimensicnal model may essentially be used to validate
I

| the one-dimensional analysis. This validation is
particularly important since the one-dimensicnal model
requires less than 5% of the co=puter time required 4

| by the two-dimensional analysis. It also requires
considerably less input preparation,

The aspect ratio is the ratio of ax, the spacing between tiodes in aa

direction parallel to the crack plane, and Ly, the nodal npacing in a
direction perpendicular to that plane. .
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I i
(ii) Tha sxpsrimental dito evsilcb13 far DC8 spicimen3, ,

i

appear to be much less subject to interpretation
than data on SEN and C'.' specimens.

For these reasons Kalthoff's experiment on Araldite B with.

K = 1.3t. MN/m /2 was analyzed. As was the case with the original one-3 ' *

g ;.

dimensional calculations, the static elastic properties were used
throughout the calculation, except in the relationship between K and R.

D'
, where the dynamic properties were used. In the two-dimensional analysis, i
l

| no point forces are used at the craci tip. The K versus crack speed )D
relation is that shown in Figure 2.1 '

| The crack growth versus th e and energy versus crask extension
curves are shown in Figure 2.9a and b. The two figures compare very
favorably to the one-dimensional results shown in Figures 2.11d and e
c' the Second Annus1 Progress Report, EMI-NL' REG-1959, 1976.

In Figure 2.10 a comparison of ceasured and calculated K #
D

crack speeds versus crack extension is given. For comparison the original I

one-dimensional co=putations have also been included.

Although the two-dimensional model predicts an arrest length that
t

| is closer to the exiierimentally observed one, it in clear that both analyses j

| predict results that are probably within the experimental error. Since I

l| | neither analysis accounts for darping and since the experimental K #''*"'
D

| velocity relation is known only to within ! 15: both cc,mputed results couldi

,

| be modified to give a better fit yet to the experi:wntal data. Such adjust-
I

ments would have to be made on an intutitive basis and at present we feel
th't both codels give results close to experimental observation.

| The good agreement between the two models further justifies the )
use of the more economical one-dimensional in ail studies in DCB specimens.

) >
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i

Kg 1.34 MN/m3/2 i

a Experimental dato, Kolthof f et6.

One-dimensional onelysis without i

torsional springs, mixed elastic
properties.

_

--- Two-dimensional onelysis with
mixed elastic properties
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3. APPLICATION OF THE COMPACT TENSION SPECIMLN GEOME'1tY
TO CRACK ARREST MEASUREMENTS - PRELIMINARY RESULTS

|
.

,.

h

j. 3.1. Introduction ,

I
i

( A series of experiments are in progress to investigate the use
'

e

j of so-called "two-dimensional" test specimen geometries for measuring crack

arrest properties. II.esu experiments seek to:
;

e Minimize macrobranching which occurs in A533B steel when

I tested in the DCd configuration without deep side grooves.
i

e Provide an alternative test geometry to the DCB specimen
t

for measuring crack arrest properties.

Check the two-dimenaional dynamic fracture analysiae

k developed at Battelle.

! In the previous rep'rt. in th(s program (BMi-NUREG-1966,1977) a
1

series of experiments on a singie-edge-notch (SLN) geometry was described-

and analyzed. These experiments involved measuremen. of crack velocity

f and total crack propagation distances in both ordinary and duplex (4340/
A5338) configurations. The crack propagation events were compared with

the predictions of the model and the agreemer.t was found to oc rather poor.
These results pointed to several shortcomings in the specimen design and
loading contiguration. The major problem appeared to be lack of adequate

'stif f ness in the load train relative to the stif fness cf the specimen

itself. As a consequence, the loading system does work on the spect=en
during crack propagation cau ing a larger crack extension than would be f

*

predicted using the assumption of zero interaction between the specimen,
*

and loading train.
1

3.2. Exy,erimental Results

l
| The surpicion that the stif fness of the wedge-loading arrangement

was r.ot adequate in the SLN experiments has been confirsed. The major

portion of tb- compliance of the loading symtem is due to the bending of the

i
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amount of the cleatic ca:rgy cv;iltbla to cxt:nd th) crcck is c:ntnined in
,

the 1:;cdirg pins. This c rditi n is a consequence of the relatively low -

compliance of the SEN geometry. In previous tests on the D 3 geometry,
{externally stored strain energy was not a problem simply beca :se the -

compliance of the DCB specimen is about five titus larger th.tn tra $1M
specimen for the s.ame thickness.

!

In an attempt to reduce the test specimen-loading .aNh'ne .Mter-
action, work has been initiated with the compact-tension C.T) geometry.
Three CT specimens with a gross thickness of 25 mm and side grooved 15

(B /B = 0.75) were machined from SEN specimens and have the Jesignpercent

shown in Figure 3.1. The specimen is somewhat more compliant than the

SEN geometry, and, in addition the loading pins have been stiffened by
r

increasing their diameter from 31.75 mm to 44.45 mm. The three CT
specimens had a duplex 4340/A5338 configuration and were tested at about

' NDT (-12*C) by wedge loading in the tiedown fixture.
t

The crack leng S tine records for each of the three tests are
I shown in Figure 3.2. These records show the crack velocity to bc I

relatively constant end, indeed, much more constant than was found in the
SEN experiments.

Measu:6ments of s ecimen motion in-plane were also made during
che run-arrest event in tes ts v2 specimens DA-43 and DA-44. These measure -

ments were obtained from two proximity detectors monitoring the in-plane,
opering motion of the edges at points marked by "A" in Figure 3.1. The

sus cf the two signals from the transducers are superposed on the crack
length-time graphs for specimens DA-43 and DA-44

1

The displacement measurements show that the opening of thw a

specimen initiates f41rly quickly after onset of fracture. A maximum
opening displacement of about 0.5 mm is reached approximately 300 micro- '

,. seconds after initiation. This opening occurs about 100 microseccads
af ter arrest. Actually the specimens continue to open but at a much
slower rate. This is apperant from transducer data spanning a 10 maec
time interval for specimen DA-43 shown in Figure 3.3. Note that af ter
10 asec the track opening has increased by about 0.8 mm. The final opening

.
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The tests were conducted at about -12*C and the applied
stress Intensity at crack initiation. Kg, is identified'

for each of the three specimens. Open potats identify
crack position .ind the solid lines the total displa:e-
ment recorded from transducers.
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.aepacemenc in taso2 tecto measured v311 cf tor th3 fecetura cvent is

completo (. 2 cecond2) is ccasicercbly lcrgar than tha dicplcctment ct
initiation as shown in the following table. These displacements were
measured by the clip gage attached to the mouth of the starter slot. i

Clip Came Displacement (nas)
Spec. Initiation Arrest Difference

DA-42 0.74 1.75 1.01 '

DA-43 0.74 1.80 1.06

DA-44 0.85 1.69 0.83

Following the method outlined in BMI-NURIG-1959 (1976), the two-
dimensional model can be used to evaluate the ratio K r a either aD Q
measurecent of the relative crack propagation distanet. Ls/W, or the average

.

,1
crack velocity V. Table 3.1 compares the K) values for these three tests

e

derived by the two methods, it is evida.it that the KD *** ** * "*

from La/w are 20 to 30 percent below the corresponding values obtained from
Y. As discussed in the next section this discrepancy could be accounted for
if .sbout 50 percent additional energy is introduced into the specimen while
the crack is : moving. Another important point is that a group of K data

D
determined using DCB specimens taken from the same lot of A5338 and tested
at the sasa temperature was found to be 120 : 10 .Um" These values
agree quite well with the K *su 8 888 0 fr 8 8Pecimens.D

A final observation of some impor:ance is that the crack path in
these tests, as in the previous SEN experi=ents, was relatively stable,
i.e. large bifurcations were not observed. Several unbroken lign=ents
remained on the surfaces typical of all fractures observed in this steel
after tests at -12*C.

These observations suggest the fcllowing interpretation of the
fra-ture events. Initially the crack propagation proceeds at a velocity
ecnsistent with the f ast fracture toughness, K , the material and theD

tpplied K level. Af ter about 50 to 100 microseconds, the loading systemg

+
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COMPACT TENSION EXPERIMENTS AT -12*C*

&

pQ,TM|f
j?Q' 9 h ''.
y..,;i'c .s*

:
- -----

d-
. y . .; q (c) (d)_ Kg from DCB Tests

| d'YNf.[3 La(a) -(b) K (aa/m') K (V) (BM1-NUREG-1959)DV D
N.ndtg

MNm-3/2 ~T m/s MNm'3/2 MNm*3/2 MNm*3/2Eq
e

pi[j.j;[|r
Specimen

#mu;QW
DA-42 141.9 0.55 370 89.4 120.6 120 2 10i

- fj

e@Md?, ..;[(,'n
LYk

DA-43 130.5 0.56 450 86.5 111.6":.

}$$)y.i
DA-44 148.5 0.45 450 99.8 119.3

fike;[42(

(I'Mb ** -

4.rd i
--

j.g6, r,oli Total crack extensien distance relati.o to the specimen width @ = 216 mm)., ;. . t;.-s

f[jTyg
(a)

I,)b9- (b) Average crack velocit) in the A5338 test section.
>a determined using the two-dimensional model and the measured La/W.ep W (c) KD

determined usin. the two-dimensional model and the measured V.j, f ' (d) KD
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| L731ns to cp:n th2 rp cf men thirsby iners'ocing tha totc1 sn:rgy in th2
specimen. The crack velocity is apparently unaffected by this steadily

I
increasing energy input. Instead, the crack continues to propagate ati

i the same velocity beyond the point where arrest would have occurred. The i
f

additional crack axtension is made possible by the work done on the , .
'

specimen by the loading system. Arrest occurs wh.n 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 additional work done by the
I load train) is insufficient to continue the fracture process. Following I

,

t

I arrest the loading system cantinues to drive the opening of the specimen
.

until equilibrium is nearly achieved. The final stage in the events is a .

much slower opening rate while the crack tip remains stationary. A

plausible explanation of this additional opening in the expansion of the ~

crack tip plastic zone in concert with st retching of unbroken liga:nnte.
These deformation processes would occur under strain rate conditions
which are substantially less than during propagation and therefore at
reduced flow stress levels.

+

On comparison, the externally supp!!ed energy in the previous
SEN experiments appears to be considerably larger than in the present CT

i tests. Indeed cracks propagated relatively long distantes in the test #
l

sections of bLN duplex specimens even though the E level should heve been

insufficient to permit any penetration of the tent section. Thus. while
'

it is apparent that the loading system needs to be stiffened further, the
increaod diameter of the loaJing pin tugether with the momewhat higher
cat.plidt.ce v t tne tl specimen nave afforded definite improvements.
Certainly, a further increase in loading pin diameter would be useful.
However, there is very recent evidence that a substantial improve &nt
could be achieved by eliminating the strain energy stored in the Hertzian
stress field at the contact line:s between the wedge and pins. Ef forts are ;

continuing to decrease the load mystem-specin.cn interaction during propaga- -

tion in twc-dimensional specimens and we are hopeful that these interactions
can be minimized. The next section provides guideliner for estimating
the required loading system compliance relative to the test specimen
compliance necessary to reduce the work input to tolerable levels.

_

m

_

N

-

.- . . . . - - - -

m

|

J .

m.w . s k m m.Men |WwawAm" m~ag"ese.s m n-



.

!
4

s

!
3-9 i

4
,

In su=r.ary, these CI experic.ents appear promising in the sense
that further increases in the stiffness of the wedge loading system would p
allow the experir.entally simple determination of K from a r.easurecent of

3
J.a and K .y
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4. SOURCES OF ERROR IN KD MEASUREMENTS -
EFFECT OF EXTERNALI.Y SUPPLIED ENERGY f

DURING PROPACATION

-
AThe 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 t

i

made of the errors caused by this externally supplied energy.
Suppose that the additional energy supplied the specimen during h

| propagation is W which causes the crack to arrest at s' rather than a,. I

( Then, for that event we can write the energy balance as
1

'

a'
r

W+ U da (4.1)R(s' - a ) =
a o y

*
o

The above 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 propasstion will also nct be entirely
utilized in the fracture process. To a good approxir,ation (Hoagland and
Rosenfield, 1974) the area under a curve of d versus a for many specimen
geometries can be represented by the geometric mean; i.e.

*2
7

d da /g dg2 (*2 ~ *l) (4.2)=

*1

So Equation 4.1 can be written as ,

W+ 7 (a -a ) + /d'd (a' - a ) (4.3)R(a' - a ) =
I a o -Qa a o v aa a a
|

!

! An additional expression which represents simply the consequence of the
approximation in Equation 4.2 is

,fo ,q <a; - a,) ,ta .g ca, - a ) + fa;q (a; - a,) (4.4)=

n

:

.
' N

.
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1.etting na represent (a, - a,), the zero-work crack jump distance, and {
-

da, represent (s' - a,) the additional jump distance, we can combine
Equations 4.3 and 4.4 and solve the resulting quadratic for da. Before '

writing this result it is worthwhile to incorporate the results of the !
, } f-one-dimensional and two-dimensional model calculations. These calculations

(cf. Bhl .NURIG-1959, 1976) show that for the DCB and CT geometries a '

si.3ple relation between t.a and K /K exists the forng D ,

: *

IK I )[
C -1 (4.5)t t.a = i

b;i .
! .r

In addition, we note that for a given test specimen ar.d loading system i I
I the clastic energy contained in the loading system will be nearly propor- '

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

| work done on the specimen during propagatf on will also be proportional to
! di and may therefore be expressed as I

q

M3 (4.6)W =

9

where
-

4
T '

"

|
d;/da

.

e is the compliance of the specimen and $ is the fraction of elastic energy
in the specimen at crack initiation that is supplied to the specimen by the
loading system. In other words, if & = 0 the loading system is itfinitely

rigid, and if G = 1 the total energy in the specimen doubles during
'

propagation.

Utilizing Equations 4.5 and 4.6 we arrive at the following

fresult for 6a.
.

.

[$y - C (/a' - a)) (1 - a) + [(1 - o) (C(6 - o) - Gy) |6a =

+ 4C ( d - a) (1 - a) $y) [22(1 - a)) (4. 7)

,

|

|
i

. . -
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I
.

where a is equal to R/M . fq
'

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

to determine g via the expression given by 4.5, the appareat Kp will be t

lesh thaa the true value due to the additional crack propagation, da, f
t
'

according to the following,.

,

Kp (apparent) C I
(4.8)-

D (' C * SaE |
;

This expression together with Equation (4.7) is shown in Figure 4.1 for [
10 percent, 50 percent and 100 percent additione.1 energy introduced into ;

the specimen from external sources during propagation. The results are "

1/E for the DCB specimen (C = 130 mm) andexpressed in terms of K /K =

q 3
the CT specimen (C = 220 mm).

This relatively simple analysis shows thst work done on the
'

opecimen during propagation can have a substantial effect on a determination
of K based on a measurement of the crack jump distance. For example, theg
analysis suggests that for a run-arrest event occurring while the loading

system increases the total energy in the specimen by 50 percent the
4

additional crack extension is sufficient to cause a 25 percent error in K *
D

lt is also interesting to note that for a given ,, a slightly smaller error

in K results in the CT specimen compared to the DCB. This is due to the
D

fact that, for a given K , the crack jump distance is larger in the presentq
CT design than in the DCB. However, this is somewhat misleading because

the compliance of the CT is about one-fifth that of the DCB. ConseqJently,

at the same K level the applied load on the CT and, thus, the energy

! stored in the loading system, will be five times greater. Finally, this
,

! i
analysis provides a useful guide for the design of a loading system. Itg

shows that if the errors in y must not exceed about 5-10 percent, the
loading system must not contribute c; ore than about 10 percent additionalj
energy during propagation. Therefore, a conservative rule of thu=b, the

f 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 a fraction of the energy stored in the loading

system at initiation is available to the spe:imen.
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FIGURE 4.1.
EFFECT OF EXTERNALLY SUPPLIED ENERGY ON THE APPARENT VALUE OF K

&

g DETERMINED TROM i
A MEASURE.mT OF CRAtX PROPACATION DISTANCE IN CT AND DCB SPECIMENS
$ represents the ratio of the energy supplied durirv.;Topagation to the initial
strain energy in the specimen at the initiation of ;* v gation.a
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l 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. j
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