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RESULTS OF CRACK. ARREST TESTS ON TVO IRRADIATED llICll. COPPER vel 3S

S. K. Iskander
^

V. R. Corwin
R. K. Hanstad

ABSTRACT

The objective of this study was to deterniine the ef fect
of neutron irradiation on the shift and shape of the lower-

bound curve to crack arrest data. Two submerged arc welds
with copper contents of 0.23 and 0.31 wt t were commercially
fabricated in 220 mm thick plate. Crack arrest specimens
fabricated from these welds were irradiated at a nominal
temperature of 288'c to an average fluence o f 1. 9 x 10"
neutrons /cm (>l MeV). Evaluation of the results shows that2

the neutron irradiation induced crack arrest toughness
temperature shift is about the same as the Charpy V notch
impact temperature shif t at the 41 J energy level. The shape
of the lower bound curves (for the range of test temperatures
covered) did not seem to have been altered by irradiation
compared to those of the ASME Kg, curve.

*Research sponsored by the Office of Nucicar Regulatory Research,
Division of Engineering Safety, U.S Nuclear Regulatory Commission under
Inter ;,etcy Agreement DOE 1886-8109 8L with the U.S. Department of Energy
under contract DE AC05 840R21400 with Martin Marietta Energy Systems,
Inc.
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1. INTRODUCTION

| In the fracture inochanics integrity analysis of reactor pressure
] vessels (RPVs), the initiation and arrest fracture toughness curves as

described in Sect. XI of ASME Boller and Pressure Vessel Code are often<

used. These curves are used also for the normal operation of RPVs. The
ef fects of neutron irradiation on toughness are accounted for by shif ting>

the curves upward in ternperature without change in shape by an amount
equal to the temperature shif t of the Charpy V notch (CVN) impact energy
curve at the 41 J level (ATTu.3). Such a procedure innplies that the,

'

shifts in the fracture toughness curves are the same as that of the
CVN ATTo.3 and that irradiation does not change the shapes of the fracture
toughnesa curves.

It is well known that irradiation of some RPV ferritic steels to
fluences on the order of 2 x 10" neutrons /cm2 (>l MeV) can cause changes
in the shape of the CVN impact energy curve. To determine whether
similar changes in shape can occur in the fracture toughness curves,
particularly if such changes could lead to non conservative
determinations of the irradiated fracture toughness, research programs
are sponsored by the U.S. Nuclear Regulatory Commission (NRC) within the
lleavy Section Steel Irradiation (HSSI) Program at Oak Ridge National
Laboratory (ORNL).

Two of these programs are the Fifth and Sixth Irradiation Series.
The objective of the Fif th Series was to determine the effect of neutron
irradiation on the shif t and shepe of the K , vs (T RTypt) curve, where2

Kr. is the plane strain fracture toughness, T is the teroperature, and RTuo7
is the reference nil ductility transition temperature. Although the
objective is similar, the Sixth Series investigates the effect on Kr., the
plane strain crack arrest fracture toughness. Both programs investigate'

the effects of irradiation on the fracture toughness of welds, since some
pressure vessels in operation have welds with copper contents and end of-
life fluences which make them susceptible to severe degradation in
toughness. The amount of experimental data on the effects of irradiation
on crack arrest fracture toughness is rather meager (Refs. [1] and [2)).

Two subtsorged arc welds with copper contents of 0.23 and 0.31 wt %
were commercially fabricated in 220 mm thick plate. In the Fifth
Irradiation Series, irradiated CVN innpac t , tensile, drop weight, and
cornpact specimens, made from the weldment were tested and the results are
given in Refs. [3] and [4).

Crack arrest specimens fabricated from these welds were irradiated
at a nominal temperature of 288'O to an average fluence of 1.9 x 10W

2neutrons /cm (>l MeV). This report compares the results of crack arrest -

tests on 36 irradiated weld embrittled type specimens with those from
unirradiated control specimens. Since this is only the first phase of a
two phase program, the conclusions presented here are preliminary.

1
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2. DESCRIPTION OF MATERIALS AND PROCEDURES

| The weld wire for both programs was produced commercially in one
~ melt. The melt was split to allow for copper additions and resulted in

two veld wires that were comparable in chemical composition except for4

copper, Several meters of weldment were commercially f abricated from
each weld wire and were designated 72W (0.23 vt t Cu) and 73W (0.31 wt
t Cu). The welds were commercially f abricated in A 533, grade B, class 2
plate of 220 mm (8 5/8 in.) thickness by using the submerged arc weld
process with one lot of Linde 0124 flux. A macrograph of weld 72W is
shown in Fig.1, and the chemical compositions of both velds are given in
Table 1. The velds were given a postweld heat treatment of 607'C for

;

40 h, typical of that given commercial RPVs.

Two capsules, each containing 30 compact crack arrest specimens of
the two weldments, have been irradiated at a nominal temperature of 288'c

8to a fluence of approximately 1.9 x 1018 neutrons /cm (>l MeV) in the
Oak Ridge Research Reactor located at the ORNL, The irradiated specimen
complement is given in Tabic 2, which gives the overall specimen
dimensions. The complete nominal specimen dimensions are given in Fig. 2
and Tabic 3. For administrative purposes, the program was conducted in
two phases. This report presents results of Phase 1 which consisted of
crack arrest tests on the 36 weld embrittled type specimens. In Phase 2,
the results from remaining 24 duplex type crack arrest specimens will be
reported.

2.1 Testing Procedures

Testing was performed according to the ASTM " Test for Determining
K., of Ferritic Steels"Plane Strain Crack Arrest Fracture Toughness, 3

(E 1221 88). Crack arrest testing of the irradiated specimens was
performed in a hot cell by using a servohydraulic machine and the test
chamber shown schematically in Fig. 3, and photcgraphically in Fig. 4.

.

This equipment allows specimens to be tested with the split pins in
either the so called " normal" or " inverted" configuration at test
temperatures ranging from -100 to 260'C.* In the " normal" configuration,
the lateral surfaces of the specimen are in contact with the test machine
platen and friction decreases the crack driving force somewhat compared
with the " inverted" configuration in which the specimen sits on the
narrow shoulders of the split pin, The " inverted" configuration is used
at testing temperatures above NDT. For further information on the
" normal" and " inverted" test configuration in crack arrest testing, see
Note 5 of ASTM E 1221 88.

*This temperature range was chosen during the design phase of the
test chamber on the basis of the anticipated test temperature. The
maximum temperature is limited by - the Teflon * insert in the contact

i thermocouple,
i

. - - -.-.. - . - - ~ . - - -_ -. - ,
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Table 1. Chemical composition of the two submerged are
velds in the Fifth and Sixth Irradiation Series

Composition (wt t)
Material

C Mn P S Si Cr Ni Mo Cu V

72W 0.093 1.60 0.006 0.006 0.44 0.27 0.60 0.58 0.23 0.003

73W 0.098 1.56 0.005 0.005 0.45 0.25 0.60 0.58 0.31 0.003

Source: Values based on formula from R. K. Hanstad et al., " Effects
of Irradiation on Ka curves for liigh-Copper Volds," pp. 214-33 in Effects
of Radiation on Materials, 14th International Symposium, ASTM STP 1046,
Vol. II, ed. N.11. Packan, R. E. Stoller, and A. S. Kumar, American Society
for Testing and Materials, Philadelphia, 1990.

Table 2. Irradiated crack arrest specimen
complement for each

of the 72W and 73V veldments .

Dimensions Quantity
Specimen type (ra) por weld

a
Weld embrittled 25 x 76 x 76 8

Weld embrittled 25 x 152 x 152 7

Wold embrittled 33 x 152 x 152 3

Duplex 33 x 152 x 152 12

.
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Table 3. Nominal dimensions of weld-embrittled crack-arrest specimens
used in the Sixth Irradiation Series

(All dimensions are in millimeters)

Nominal U a, s/J B U 2H L D L'
t

specimen size

72W and 73V weldsents

25 x 76 x 76 63.50 20.96 0.33 25.40 76.20 76.20 12.70 21.06 44.45

72W weldsent

84.46-85.09
25 x 152 x 152 43.82-44.45 0.345-0.350

83.82 85.09
33 x 152 x 152 43.82-45.09 0.345-0.355

v739 weldsent

25 x 152 x 152 127.00 49.53 0.39 25.40 152.40 152.40 25.40 31.7% 79.38

33 x 152 x 152 127.00 49.53 0.39 33.02 152.40 152.40 25.40 31.75 79.38

aTo accormodate the crack-starter notch within the brittle weld 1.* had to be adjusted. The values shown reflect
the range for the a,. a./U, and L' dimensions. All other dim. nsions are the same for both the 72W and 73U weldsents.

NOTE:

a. - initial slot length.
B - specimen thickness.
D - split-pin hole diameter.

2 11 - specimen height.
L. L* - see f14 2.

nominal width of crack-arrest specimen.V -

V, ' - total width of crack-arrest specimen.

______
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y HEATING AND
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h lNTERCHANGEABLE
HARDENED PLATE

SUPPORT

Fig. 3. Schematic drawing of equipment used to perform crack-arrest
testing of irradiated specimens before set-up in the hot-cell 300-k3
testing machine.
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; Figure 5 shows a closeup view of the environmental chamber used for
j temperature conditioning of the crack arrest specimens after it was
j installed in the hot cell 500 kN tensile testing machine. Figure 6 gives
i a general view of the test system as it is being prepared for a crack-
[ arrest test.

!
! Teaperature conditioning below ambient is obtained by venting cold
j nitrogen gas into the chamber containing the crack arrest spec irte n.
j Above ambient, tetsperature control is achieved by means of six heater

elemenes. Four of these elements are cartridge type and are embedded in.

the base of the fixture. Two U shaped heater elements can be inoved into
,

place below or above the specimen. After the specimen is positioned in
; the fixture, a contact thermocouple is low red onto the specituen surface

near the midpoint of the crack path to measure the specimen temperature.

Considerable effort was made to ensure temperature uniformity and
,

accuracy in each crack arrest specimen. Specimens of A 533B steel and of
;

g the same three sizes as those to be tested were instrumented with
thermocouples and t|..rmally conditioned in the fixture over the relevanti

temperature range in both normal and inverted configurations. Thei

uniformity and accuracy of the temperature throughout the specimen were
within 11'C when compared to the values measured by the contact

i thermocouple used during testing,
a

The clip gage used for the irradiated specimen tests was specially
designed and fabricated at ORNb. bong clip gage arms were incorporated
in the design to measure the crack mouth opening displacement (CMOD) from
outside the temperature conditioning chamber. The arms are instrumented
with temperature compensated electrical resistance strain gages.
Moreover, tests outside the hot cell have shown that the clip gage
temperature is < 35'c when the specimen temperature * is 350'C. Since the
maximum test temport.ture for this series of tests is under 150*C, the
clip gage is calibrated at room temperature with no significant loss in
accurscy. The clip gage was calibrated in.the hot cell with a Bockier
micrometer before and af ter every test. since the CMOD _ (not the load)
measured during the test is central to the detertaination of the crack-
arrest toughness F . The error in K, due to errors in the measurement of
CMOD is estirmated to be less than 2%,

An irradiated specimen to be tested is placed in the conditioning
i

chamber, and special " knives" are used to center the specimen beneath the
loading wedge. The sides of the loading vedge were covered with a
repinceable strip of Teflon * to reduce tha friction between the wedge and
the split pins. Tho' testing machine ram was then raised until the
loading wedge just touchos the split pins (a load of about 40 N); then
the ram is lowered until no load is indicated. The centering '' knives"
were then removed since the proper position of the specimen is maincained
by_the inserted load wedge. The clip gage is then seated in conical
grooveu of gage blocks welded (prior to irradiation) to the crack arrest

*For the purposes of this test, thermocouples were tack welded to the
test spoCimen.

, . . - , _ . _ _. _ , _ . - _ __ ..-...,_-=-._m _ _ - - . - , _ , _ ~ - - . _ _ _ ._ -- , , , , . - ,-



11

*

*# f|,,
,

q[

b),

~ :
"g. *}';3

6_. % .s- |;

'

" ::""' '

.

.-

Fig. 5. Closeup view of the environmental chamber
used for temperature conditioning of the crack arrest
specimens after installation in the hot cell 500 kN ten-
sile testing machine.

% ..w. ,

b@lk .d 1g
~

-f 4
'

.

e
_ '3g

\' . ..
'

', j
,

. .- y

.

.

. . <

-

t..

Fig. 6. General view of the t.st system as it is
being prepared for a crack-arrest test.

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



12

specimen. The load vs CMOD is recorded on an X Y plotter together with
the clip gage calibration marks; a typical chart from a test is shown in
Fig. 7. The charts from all the irradiated tests are included in
Appendix E. As mentioned above, the value of the load is not used in the
calculation of K.. Ilowever, the plot of load vs CMOD is indispensable in
the conduct of the te.at and determination of the CMOD at various points
in the loading-unloading cycles (see ASTM E 1221 88).

*
2.2 Analysis Proc 3dures

The erre.ste d crack front is marked by heat tinting the specimen
after testing. The specimen is . hen cooled with liquid nitrogen and
broken open. The length of the re i.aining ligament f.or each speci;aen is
obtained by measuring the posittor,of the arrested crack front by using*

the averaging procedure prescribed in ASTM E 1221 88. In the case of

irradiated specimens, a digitizing tablet was used to measure the length
of the remaining ligament on a photograph taken through a Ko11 morgan"
periscope of the broken specimen half. Typical fracture surfaces for two
33 x 152 mm specimens are shown in Fig. 8 (photographs of the fracture
surfaces of all the specimens tested are given in Appendix E). Muarous
unbroken ligaments, typical for pressure vesse', steels at these test
temperatures, can be observed on the fracture surface of the specimens.
The known dimensior.r of the specimen serve as the scale for chose
measurements. In ene case of the unirradiated specimens, thw length of
the remaining ligament is directly measured by a d.igitd monsuring
microscope. The errors due to the sneasurement rnechod are estimated to be
less than those due to the shape of the crack front.a

To estimat<> accuracy of the crack arrest toughness. two values of
the cress intensity f actor (K. and K.) are calculated. Tao former is the
stress intensity factor at crack initiation, and the latter is the value
shortly after arrest. Both values are calculated by substituting

appropriate values in the following expressions given in ASTM E 1221 88:

K - E 6 f(x) /(B/(B W)] (1)3 ,

crack-arrest specimen calibration function defined aswhere f(x) -

follows:

2f(x) - 2.24 (1.72 0.9x + x ) /(1 x) 2),

2(9.85 0.17x + 11x )

and

x - a/W,

E - Young's modulus,

a - initial slot length n or arrested (final) crack length a.,o

W - specimen width,

-B - specimen thickness,

.. - -____
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By - specimen thickness at crack plane,

6 - CMOD.

If all other values are unchanged the error in K is directly proprtional
to-the error _in 6 (given above). The error in K due to errors in crack
length is estimated as described below.

I n Eq . (1), if all other values are constant, the error in K is
equal-to that of f(x) due to the error in the fractional crack length x.
Table 4 shows various estimates of the errors in f(x) resulting from the
measurement of the initial slot length n and arrested crack length a, ando
for the various specimen sizes. A plot of f(x) vs fractional crack
length x, C own in Fig. 9, is nearly linear in x. However, because f(x)a

decreases as x increases, the absolute value of the average relative
error in-f(x) increases as x increases. The average relativo error is
defined as:

f((1+c) x) f[(1 c) x]
f(x)

Two relevant values of x are 0.33 for the initial slot length and 0.85
for the final crack length. The former is the minimum value for the
crack. arrest specimens manufactured for the Sixth Series program, and the
latter is the maximum valid value allowed by ASTM E 1221 88. A ilt
change for x - 0.33 results in a T0.5% change in f(x), while the same +1%
change for x - 0.85 results in an approxima y T3% change in f(x).

The determination of a -is performe with a digital measuring
microscope, and the error is estimated to .e < 0.2 mm, irrespective of
the specimen size. llence the maximum error in f(x) (and K ) for the
initial slot length is 10.5% for a small specimen and even less for a
large specimen. In both cases, the initial slot length is used to
estimate K , which gives an estimate of K at the onset of rapid fracture.
It is an estimate at best because the crack at initiation is not a sharp
one cad has a finite root radius. Moreover, K, is of interest to the
experi onter only.

As mentioned, the measurement of the final crack length a, is
performed according to ASTM E 1221 88 by an averaging procedure. Since
it is rare that the arrested crack front is square or straight (Fig. 8)',
it is difficult to estimate the error in such a determination. From the
expression for K given in ASTM E 1221 88, estimates of the error were
made by using different value of the arrested crack length to obtain
bounds on the error. A maximum value of a, is 54 mm for a small 25 x 76
x 76 mm specimen since this is the maximum length permitted in E 1221-88
for this specimen size. Errors of 11 or i2 mm in a, for this case result
in errors of T6.5% or T13%, respectively, in K., A similar procedure was
followed for the large (33 x 152 x 152 mm) specimen. The error esti. mates
are summarized in Table 4. The total maximum error in K, from all sources
is estimated to be approximately 110% for the small specimens and 15% for
thn large ones.



1
|

|
Table 4. Estimate of the average' relative error in f(x) (and thus in K,) due8

to errors in the determination of initial and final crack lengths x - a /W - 0.33o
!

and x - a./V - 0.85, respectively, for the various specimen sizes

Inital crack length a. Final crack length a.

Errors in Errors in

Specimen V a a a /W f(x) a, a, a,/U f(x)
o o

sizeb (mm) (mm) (m) (g) (g) (,,) (mmy (g) (g)

Small 63.5 21 0.2 il T0.5 54 il 12 T6.5 *-
*

i2 14 T13

Large 127 44 0.2 10.5 T0.2 108 11 il T3
12 12 T6.5

aDefined as b (f[(14e)ax] - f[(1-e) x]}/f(x).
bThe 25 x 76 x 76 mm specimens are the small specimens, while the 25 (or 33)

x 152 x 152 mm ones are the large ones.

NOTE:
arrested crack length,a. -

initial slot length.a, -

crack-arrest specimen specimen calibration function.f(x) -

value of stress intensity factor shortly after arrest.k, -

width.V -

. . _ . - - - - .
x ~
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3. RESULTS AND DISCUSSION

The temperature control fvc the two irradiation capsules, each
containing 30 specimens, was excellent. The temperature most of both
veld embrittled and duplex type specimens (22 in one capsule and 23 in
the other) ranged from 286 to 290'C, while the few remaining specimens
were irradiated at temperatures ranging from 280 to 286*C. The average
irradiation temperature. of the weld embrittled type crack arrest
specimens is 286 and 285'C for the 72W and 73W specimens, respe tively.
For both 72W and 73W specimens, the fluences to which ti , weld-
embrittled type crack arrest specimens were irradiated ranged from

18 2approximately 1.4 to 2.4 x 10 neutrons /cm (>l MeV), and the average
fluence and standard deviation is approximately 1.9 and 0.3 x 1028
neutrons /cm2 (>l MeV), respectively. Bar charts showing the distribution
of fluence of the specimens successfully tested, 18 and 17 from the 72W
and 73W weldments, respectively, are given in Figs. 10 and 11,
respectively. The average irradiation temperature and the exposuro
values of each specimen are given later in this report. A summary of the
irradiation data for the weld embrittled specimens tested in Phase 1 is
given in Table 5. Detailed reports on the dosimetry and operating
history of the two capsules will be published separately.

The yield strength and Young's modulus of the test material are
required in crack-arrest testing. Young's modulus is calculated from the

0.0571T, where E207.2following expression, from Ref. (5): E - -

- Young's modulus in CPa, and T - temperature in 'C (discussed also in
Appendix C) . The unirradiated and irradiated tensile strengths have been
reproduced from Ref. (3) in Figs. 12 and 13 for welds 72W and 73W,
respectively. The average fluence of the tensile samples, approximately

8 21. 6 x 10 neutrons /cm (>l MeV), is about 15% less than that for the
crack-arrest specimens. This difference will not affect the values of
the crack arrest toughnesses K but could have a small ef fect on the
validity of each specimen as it is prescribed in ASTM E 1221 88. The
observations in this report are preliminary.

The RTuot values for both weldments in the unirradiated and
irradiated conditions are given in Tabic 6 (from Refs. [3] and (4]). The
initial RTuot values were deterniined in accordance with Subarticle NB-2330
of ASHE Bo.iler and Pressure Vessel Code, Sect. III, and are the same as

the drop weight NDT values. The " adjusted" RTuot values were determined
according to paragraph 10.2.2 of ASTM E 185 82 by adding the CVN ATTu-J
values to the initial RTyor values. The CVN ATTu-a shifts have been
determined from a relatively large number of specimens, as shown in
Fig. 14 (also from Refs. [3] and (4]). Approximately 84 and 56
unirradiated and irradiated CVN apecimens were tested from each of the
72W and 73W welds respectively. The average fluence of CVN-impact energy

2specimens for both the 72W and 73W weldments is 1.51 x 1018 neutrons /cm ,

I

1
|
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Fig. 11. Distribution of-fluence.in the 17 irradiated
. crack specimens of the 73W weld that were tested successfully.

.

Table 5. Summary of the irradiation temperature and fluence-
for Series 72W and 73W crack arrest specimens

72W (18 specimens) 73V (17 specimens)

Temperature Fluenced Temperature Fluences
('C). (*C)

Hean 286 .1.88 283 1.93
- Standard Deviation 3 0.30 3 0.32

Minimum 281 1.42 280 1.46
Maximum 289 2.34 289 2.39

81n units of 10" neutrons /cma (>g g,y),

e
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Table 6. Initial, adjusted, and normalized reference temperatures (RT m )
for the 72V and 73W veldments

8Charpy impact Crack-arrest
Initial observed results Adj usteda normalized results Normalizedb
RTm RTm adjusted

(*C) F (*C) F' RTm
2 2(102' n/cm ) ATT.13 (1028 n/cm ) ATT (*C)43_3

(>l Mev) (K) (>l Mev) (K)

72V -23 1.51 72 49 1.88 80 57

.73W -34 1.51 82 48 1.93 93 59

aSource: Data from R. K. Nanstad et al. , " Effects of Irradiation on Kr. curves for High- ,

Copper Velds," pp. 214-33 in Effects of Radiation on Materials, 14th International Symposium, n

ASTM STP 1046, Vol. II, ed. N. H. Packan, R. E. Stoller, and A. S. Kumar, Anerican Society for
Testing and Materials, Philadelphia, 1990.

bNormalization: (ATT43_y)(F'/F)0 5 Source: Adopted with permission from C. R. Odette and
C. E. Lucas, " Irradiation Embrittlement of Reactor Pressure Vessel Steels: Mechanisms, Models,
and Data Correlations," pp. 206-41 in Radiation Embrittlement of Nuclear Pressure Vessel Steels:
An International Review (Second Volume), ASTM STP 909, ed. L. E. Steel, American Society for
Testing and Materials, Philadelphia.

NOTE:
F - fluence for Charpy V-notch impact specimens.

F' - fluence for crack-arrest specimens.
n - neutrons.

ATT 3_3 - shift in 41-J Charpy V-notch impact energy level.



23

outa- Dwo coc ~ ip!25 o

250 i ; , ,

FIFTH HSSI
. UNIRR ADI ATED IR R ADI ATION

SERIES WELD 72W
(0.23% Cu) _

200 - * |RR ADI ATED
~ 1. 51 x 10"n /c m'(> 1M e V)
~ 2B B*C

| i3 150 -

. .|n r i
.

a-

.
e .
x . .

. . . .y .

200 -

,, . p :- - - - - ,w

F . . ti 30%'

.

50 - .*1 -

4 ~ 72*C

)!5)**
.

<c , ,,

0
-200 100 0 100 200 300

a) TEMPER ATURE ('C)

Osaa-DAG 89c-195c9

I i 4
g

FIFTH HSSI
* U NIR R ADI Al'E D IR R A DI ATIO N

SERIES WELD 73W
(0,31% Cu) _200 - e IRR ADI ATED

2~1.51x10"n/cm (>1McV)
~ 28 8'C

] | |5 'So .
.

" ~

f I- ii
h

g
.w
*

.
-

100 - .

%/ g _ , , ,,, , , , ,_I .| 3 |,

I 33%,

*
/ - 82*C

,/
'' * ' '

0
200 -100 0 100 200 300

(b)
TEMPER ATURE (*C)

Fig, 14. Charpy V-notch-impact energy vs test temperature
for welds 72W and 73W (a) unirradiated (b) irradiated at a nominal

2temperature of 288'C to 1.51 x 10" neutrons /cm (>l MeV).



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

24

while that for the crack arrest specimens is approximately 1.9 x 10"
2neutrons /cm. To normalize the RTypt shift, an average trend curve

applicable to the behavior of test reactor data and having a slope of 0.5
was used (Ref. [6]). It is of the form:

Normalized A!Tu J (OTIn J)(4'/d) '"
s

where d' and 4 are the average fluences for the crack arrest and the CVN-
impact sp :imens, respectively, in neutrons per square centimeter
(>l MeV). Both shifts for each weldr.ent are given in Table 6. The
normalized RTgo7 values were used to shif t the ASME K , curves shown later3

in this report.

Tables 7 and 8 give the results of testing the unirradiated crack-
arrest specimens of the 72W and 73W Series, respectively, and Tables 9
and 10 give data for the irradiated specimens of these two series. These
tables also give for each specimen the irradiation temperature and the
exposure value [ fluence for energies > 1 MeV and > 0.1 MeV as well as
displacements per atom (dpa)). The K, values have not been normalized

~

to a single average fluence to account for the variation of fluence from
one specimen to another.

In testing of one specimen, A73W17 (listed in Table 10), the crack
failed to initiate in a cleavage mode and exhibited tearing. It was
retested at 30*C, but the crack did not arrest, and the specimen broke.
The K. value fr m specimen A73W37 (tested at 25'C) is recognized as too
low because th. arrested crack length a, is 96% of the nominal specimen
width W. The expression in ASTM E 1221 88 used to calculate K, is limited
to a,/W s 0.85. While other specimens may be slightly invalid and hence
may or may not necessarily represent plane strain behavior, the authors
believe this specimen to be so far beyond the validity limits as to be
clearly nonrepresentative of planc strain crack-arrest toughness of the
weld. Hence, its position below the ASME Kr. curve is of no significance.
In_ general, even though some of the other individual specimens may not
strictly meet all of the ASTM validity criteria, the authors believe the ,

data to be representative of the arrest toughness that would exist within
a thick walled RPV.

The task group responsible for crack arrest- test procedure
ASTM E 1221-88 recognized the need for the data to represent plain strain
conditions. Conservative validity criteria were selected on the basis of
existing analytical and experimental results (Ref. [7]) to ensure that-

specimens meeting those criteria would indeed be representative of plane-
strain conditions. Even at the time ASTM E 1221 88 was written, however,
it was rccognized that those critoria might be. overly restrictive; they
were, nonetheless, chosen to be used until more evidence justifying their
relaxation could be amassed. More data are now availabic; for example,
Ref. [8] shows crack arrest test results c1carly violating the size
criteria of ASTM E 1221 88, that still accurately predict the arrest
behavior-of a thick walled pressure vessel under simulated pressurized-
thermal-shock loading. On the bases of these and other considerations,
the ASTM task group will be asked to reconsider relaxation of the
validity criteria.

._ _ -



25

Table 7. Unitradiated crack arrest toughness
dats obtained from testing veldment 72W

(RTag - -23'C)

8Specimen Test K. Validity

temperature

('C) (MPa./lin)

!
Weld-embrittled 25 x 76 x 76 mm specimens j

A72W37 61 66

A72W35 -60 53

A72W38 59 57

A72W36 47 71

A72W34 -45 73
A72W24 30 61

A72W28 30 60

A72W25 30 79 B

A72W31 15 108 L,E

Weld embrittled 25 x 152 x 152 mm specimens

A72W44 60 76
A72W39 60 45 A

A72W20 47 67

A72W41 45 74

A72W46 45 92

A72W43 -32 92
A72WO8 30 104
A72W05 -30 107
A72W48 30 98

A72WO1 16 97

A72WO3 -14 128 C

Weld-embrittled 33 x 152 x 152 mm specimens

A72W45 -45 76

A72W47 -30 91

A72WO7 15 103
A72WO4 -15 S*
A72W19 -15 94

A72WO2 0 93

A72W12 0 114
I A72W40 0 114 B

|
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Table 7. (continued)

Specimen Test K. Validity 8
temperature

('C) (MPa*/m)

Duplex 33 x 152 x 152 mm specimens

A72W71 14 91
A72W66 2 103
A72W63 -1 125
A72W64 1 108
A72W65 4 125
A72W68 5 115
A72W73 5 142 C,D
A72W62 10 136 B,C
A72W57 21 146 C,D

Weld-embrittled 51 x 203 x 203 mm specimens

A72W83 30 85
A72W85 15 95
A72W84 0 107

done or more letters for a specimen
indicate that the results did not meet one of
the minimum lengths of the ASTM E 1221 88
validity criteria. The letters correspond to
those in Table 2 of ASTM E 1221 88, which can
be paraphrased as:

A,B - unbroken ligament too short.
C - specimen too thin.

D,E - insuf ficient crack jump length.

NOTE:
K, - value of stress intensity factor

shortly after arrest.
RTgn - reference nil-ductility transition

temperature.

1
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Table 8. Unirradiated crack arrest toughness
data obtained from testing veldment 73W

(RTmn = -34'C)
aSpecimen Test K. Validity

temperature

('C) (MPa*/in)

Weld embrittled 25 x 76 x 76 mm specimens

A73W38 62 50 A
A73W42 60 58
A73W32 59 56 A

A73W36 59 72
A73WO1 45 52
A73WO2 45 75
A73WO3 45 64 A,B
A73WO6 35 83 B

A73WO4 30 67 -

A73WO5 -30 70 A,B

Weld-embrittled 25 x 152 x 152 mm specimens
,

A73W2B 61 69
A73W43 45 73
A73W47 -45 85
A73W30 44 71
A73W11 32 85
A73W48 31 75
A73W50 30 80
.73W16 29 89

A73W52 29 77
A73W20 16 126 C

A73W25 -15 141 B,C

Weld-embrittled 33 x 152 x 152 mm specimens

A73W29 30 100
A73W10 -16 77 A
A73W22 -16 110
A73W46 -15 124
A73W44 15 123
A73W49 -15 117
A73W24 -13 89 A,B
A73W27 12 111
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Table 8. (continued)-

Specimen Test K. Validity8

temperature '

('C) (HPa./m)

Duplex 33 x 152 x 152 un specimens

A73W86 -5 101
A73WO7 5 129 B
A73WO8 5 119
A73WO9 5 112
A73W85 5 137 C,D
A73W87 5 113,

A73WB8 15 132

Duplex 51 x 203 x 203 mm specimen

A73W75 5 107

8one or more letters for a specimen
indicate that the test results did not meet one
of the minimum lengths of the ASTM E 1221 88-
validity criteria. The letters correspond to
those in Table 2 of ASTM E 1221 88, which can
be paraphrased as:

A,B - unbroken ligament too short.
C - specimen too thin.

D,E - insufficient crack jump length.

NOTE:

K - value of stress intensity factor
shortly after arrest.

RTgot =~ reference nil ductility transition
temperature.

1

- _ _ _ _ _ _ _
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Table'9. Irradiated crack-arrest tovahness data'for the weld-embrittled type specimens
,

: from weldment. 72U (normalized RTm - 57'C) . The average fluence and irradiation'

. 2temperatures were 1.88 x 10" neutrons /cm (>1:MeV) and 286*C, respectively,
- t

Specimen Test . K. < . Irradiation Exposure values Displacements " Validity *
temperature (MPaafin) j temperature _

Fluences (>0.1 Mev) .

.
per atom

-(*C)- ' ' ( * C) Fluences (>l MeV)
2 r

(neutrons /cm ) (neutrons /cu y -
- 1

25 x 76 x 76 mm specimens ,

A72U26 -25- 38 285 . '2.01E+19 1.24E+20 0.0470 i

A72W30 -25 43 283 2.04E+19. 1.26E+20 0.0478
. !,

A72V27 29 61 283 2.06E+19 : 1.2SE+20 0.0483"
I7

A72U21 30 53- 281 2.34E+19 1.41E+20 0.0538
A72U32 32 66 285 2.31E+19 1.39E+20 0.0530 D ,

I

A72V22 60 62- 284 2.03E+19. 1.26E+20 0.0475 A

A72223 60 74' 282 2.32E+19 1.39E+20 0.0532 D

A72V29 60' 70 286 2.33E+19 1.41E+20 0.0536
a

25 x 152 x 152 se specimens

A72U13 '60 81 287 1-68E+19 1.11E+20 0.0415 . $ I
. '

A72U10 75 101 289 1.64E+19 1.12E+20 0.0410
A72U11 75 133 286 1.52E+19 .1.01E+20 0.0376 i
A72W15- 75 114 .289 1.54E+19 1.03E+20 0.0379 1

A72U16 76 102 289 1.53E+19 1.02E+20 0.0377 '$
Ii

A72WO6 90 160. 289 1.65E+19 1.13E+20 0.G413 C.D
A72V18" 90 132 287 1.42E+19 9.21E+19 0.0345

33 x 152 x 152 mm specimens 'j

A72WO9' 90 120 289 1.67E+19 1.14E+20 0.0418
A72W14 100 - 144 289 1.85E+19 1.26E+20 0.0462 ;

A72U17' 100 118 289 1.85E+19 1.26E+20 0.0463
^

aOne or more letters for a specimen indicate that the test results did not meet one of the minimum lengths
of the ASTM E 1221-88 validity criteria. The letters correspond to those in Table 2 of ASTM E 1221-88, which ,

>

i can be paraphrased as:
unbroken ligament too short.A,B =

C' - specimen too thin. - j,

'

D.E - insufficient crack-jump length.

NOTE: ,

K. - value of, stress intensity factor shortly after arrest. {
treference nil-ducrility-transition temperature.RTaer -

'

i
t

t
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'Table 10. Irradiated | crack-arrest' toughness data for the weld-embrittled type specimens

' from weldment? 73W/(normalized RTemy = 59"C).: The average' fluence and irradiation - *

. temperatures were 1.93' x 10" neutrons /cm2 (>l Mev) and 285*C. ' r espectively +

s
Specimen- * Test: , K. . .. Irradiation' Exposure values Displacements validity * -[

temperature I(MPa-fie) -~ temperature '- -- per at se '[
(*C)- (*C):

.

Fluences (>l Nev): Fluences (>0.1 Mev)
'

,''

' (neutrons /cm ) -(neutrons /ca y2 r

- 25 x 76 x 76 sua specimens [
A73U37b -25 29 I 2E0 2.38E+19 11.44E+20 0.0548 A
A73U39 -25 41 282 2.13E+19' 1.31E+20 0.0497

)!
'

A73U31; 29 57 283 2.10E+19 1.29E+20 0.0490 D
A73U34' 29 60. 283 '2.08E+19~ 1.28E+20 0.0484 D I

A73U35 ' 29 67 '283 2.37E+19' 1.42E+20 0.0544 D i

A73U33 60 - 74- - 282 2.39E+19 1.44E+20 n.0550 D
A73U40 60 81 <-- .280 2.36E+19 ~1.42E+20 0.0542 D '

A73U41 60 ,79 284 .2.11E+19 1.30E+20 0.0492 ~D ;

25 x 152 x 152 mm specimens. #

. A73U15' - 60 81 289 1.68E+19 1.15E+20 0.0421 W
4 A73U13 75 130 289 1.69E+19 1.16E+20 0.0424 CD ' I

'473U18 75 131' 287 1.56E+19 1.04E+20 0.0385
A73U21 75 107 289 li73E+19 1.14E+20 0.0426

fA73226 75 88 -288 1.58E+19 1.05E+20 0.0387
.A73U23 90 180 288 1.58E+19 1.05E+20 0.0389 B,C
A73245 90 114 287 1.46E+19 9.45E+19 0.0354

33 x 152 x 152 mm specimens j

A73U14 90 159 289 1.71E+19 1.17E+20 0.0429 B.C'
A73U17C 100 289 1.90E+19 1.29E+20 0.0474 .I
A73U51 '100 ,184 289 1.90E+19- 1.30E+20 0.0475 BC j

iaOne or more letters for a specimen indicate that the test results did not meet one of the minimum lengths
of the ASTM E 1221-88 validity criteria. The letters correspond to those in Table 2 of ASDt E 1221-88, which
can be paraphrased as:

'A,B - unbroken ligasent too short. .

C: - specimen too thin.
D, E insufficient crack-jump length.

DValue of Ka is unrealistically low because remaining ligament is too small.
CSpecimen exhibited' tearing behavior when tested at this temperature, then broke without arresting when

retested at 30*C. ;

-NOTE: l

K. - value of stress intensity ' factor sh srtly after arrest.
RTam . reference niliductility-transition temperature. i

'!
!

q
!
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In Tables 7 through 10, the results of the crack arrest tests that
were " invalid" relative to the requirements of ASTM E 1221 88 are
indicated by one or more letters, a blank implying a " valid" result. To
judge the degree of " invalidity," see the detailed results given in
Appendix A.

The crack arrest toughnesses, K., as a function of test temperature

for the different materials, specimen sizes, and specimen types are
plotted in Figs. 15 through 18. Comparisons of the unirradiated and
irradiated crack arrest toughnesses for each of the 72W and 73W welds are
shown in Figs. 19 and 20, respectively. These figures also show the
unirradiated and irradiated ASME K , curves for each weldment indexed to3

their respective RTgot values. In the plots showing the results of the
irradiated crack arrest testing for veldment 73W, the data point at 25'C
below the ASME K , curve is that of specimen A73W37, described above.3

lower bound curves to the test results have been plotted as dotted

curves in Figs. 19 through 21. The dotted curves are ASME curves that
have been shifted downward in temperature until the first data point is
encountered. The amount of the shif t is shown for both the unirradiated
and irradiated conditions. In the case of 72W, the temperature shift
downward from the normalized curve for the irradiated specimens is B K
smaller than that for unirradiated specimens. For the 73W specimens,
however, the opposite is obtained; the downward shift for the irradiated
specimens results is 11 K greater than that for the unirradiated
specimens. With all the uncertainties involved, the differences between
the downward shifts are not deemed to be significant. Thus, the

preliminary observation is that the shift in K, due to irradiation is
about the same as the shif t in the CVN-impact energy at the 41 J energy
level, as can be judged by the dotted curves in Figs.19 and 20.

All the crack arrest toughnesses, both unirradiated and irradiated,
for both welds have been plotted as a function of T RTyp7 in Fig. 21. The
irradiated specimen A73W17 described above (whose remaining ligament was
too small to yield an accurate result) is not included in this figure.
Figure 21 includes a total of 77 unirradiated and 34 irradiated data
points, many of which overlap. This figure indicates that the results
form a reasonable trend when indexed to RTuor . The normalized RTuots
(Table 6) have been used to index the irradiated data. When shifted by
the normalized CVN ATTu.3, the ASME curve is a conservative estimate of
the irradiated crack arrest toughness of the 72W and 73W weldments in the
transition region to approximately 40 K above RTupt. At temperatures

below RTuor, there seems to be a smaller Kg, margin between the lower bound
curves and the ASME Kr. curves.

The shape of the lower bound curves G own dotted in Figs. 19 and 20
for the data obtained in Phase 1 of the Sixth Irradiation Series do not
seem to have been altered by irradiation. The CVN-tmpact energy curve
for both welds, especially for 73W, changed shape when irradiated to a

_ _ _ . . . .



32

C AN'- two 90- t 6043

^ 200
9 . ONlRRA'DIATED WELD'72W'(0.23% Cu)
f O WE 26 a 76 mm

E 150 ^ ' ' ' ' ' ' ' ' " ' "
V-g DE 33 152 mm v

( v DX 33 : 152 mm 6 9 9y 0 WC 51 203 mm v
$ 100 8 V .

a og

3 bo
S 50 0
4 ^ -ASMEKjoa

RTNDT -23'C-g O ,

u o .

-75 -50 -25 0 25

TEMPERATURE ("C)

Fig. 1$. Detailed crack arrest toughness K vs test
temperature for the unfrradiated 72V weld showing the
different specimen sizes and types used.
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Fig. 16. Detailed crack arrest toughness K vs test
temperature for the unirradiated 73W weld showing the
different specimen sizes and types used.
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Fig. 17. Detailed crack arrest toughness K vs test

temperature for the Irradiated 72W weld showing the different
specimen sizes and types used,
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Fig. 18. Detailed crack-arrest toughness K. vs test
temperature for the Irradiated 73W weld showing the different
specimen sizes and types used.
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Fig. 19. Unirradiated and irradiated crack. arrest
toughness K, vs test temperature for the 72W weld. 4
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Fig. 20. Unirradiated and trradiated crack arrest
toughness K, vs test temperature for the 73W weld.
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Fig. 21. All crack arrest toughness X, data for
welds 72W and 73W plotted as a function of (T RTuot).

_ _ _

fluence level of 1,51 x 10" neutrons /cm2 (>l MeV), (see Ref. [3] and
Fig. 14) Many empirical correlations exist between the CVN impact energy
and fracture toughness of unirradiated ferritic steels (Ref. (9)). . If
such a relationship also exists for Irradiated ferritic steels and if the
irradiated CVN curve changes shape, then the irradiated fracture
toughness curve may also change shape correspondingly. One of the
objectives of the Fifth and Sixth Irradiation Series research programs is
to investigate whether irradiation can induce such a shape change in the
toughness curves. Indeed, such a change has been observed in the lower-
bound curve to the irradiated initiation toughness K3 data for the 73W
weldment. Although no such change in shape has been observed in the K.
data obtained in tests to approximately 40 K above RTuor, further tests at
higher temperatures are needed to ascertain whether a similar change in
shape occurs in the arrest toughness curve. Moreover, statistical
analyses of all the results will be performed to examine that questi:n.

Successful cleavage crack initiation occurred in 35 of the 36
specimens tested. Such a success rate is unusual even for testing
unirradiated specimens. Moreover, successful unstable crack initiation
occurred in veld embrittled type specimens at test temperatures 40 K
above NDT. A test temperature of approximately 20 K above NDT is
generally considered to be the upper limit for a successful unstable
crack to initiate in unirradiated weld-embrittled-type crack arrest
specimens for the steels and specimen thicknesses used here. It is
likely that the radiation-induced increases in strength of the test
material and the brittle weld crack-starter material allows for a higher
crack-driving force to enabic testing at higher temperatures.

___ ___
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4. COMPARISON VITil OTitER DATA

Reference (2), which describes an Electric Power Research Institute
(EPRI) project, contains almost all the published data on the effect of
irradiation on crack-arrest toughness. Four steels were tested in the
EPRI project: two welds and two plate materials. Both the plates and the
welds included a low copper as well as a high copper steel. The total
number of irradiated data points from all materials is 34. The results
of the irradiated crack arrest toughness tests were compared with the
unirradiated data by shif ting the irradiated data downward in temperature
to achieve an approximate data coincidence. The EPRI downward shift is
approximately comparable to the lower bound shift that we used (obtained
by shif ting the ASME K , curve downwards in temperature until the first3

data point was encountered) . The EPRI shif t in Kg, due to irradiation for
high copper materials is less than ATTu J, whereas the shift in Kr. for
the low-copper materials is slightly greater or equal to ATTu.3 (in the
EPRI program, the CVN shif ts were also evaluated in several other ways) .
A similar trend is obtained in this study, although the range of copper
contents is quite different, In the EPRI program, the copper contents
ranged from approximately 0.03 to 0.23 % by weight. In our study, the
copper contents for the two materials were 0.23 and 0.31% and the
normalized ATTu-a values were 80 and 93 K, the shif ts of the lower bound
K, curves were 88 and 82 K for the 72W and 73W welds respectisely. We

also increased the maximum values of irradiated crack arrest toughness
obtained when compared with those of the EPRI program f rom approximately
130 to 185 MPa./in. Irradiated crack-arrest toughness data for both welds
in our study were also obtained at higher temperatures with respect to
the normalized adjusted RTyc7 (up to 40 K above RTwot) than were the EPRI
data for the high copper weld (up to approximately the adjusted RTsat) +

|
L

I
|

|
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5. SUMMARY

Crack-arrest testing of high copper, submerged-arc welds was
performed on untrradiated and irradiated weld-embrittled type specimens
25 and 33-mm thick, Most of the crack arrest test results are either
valid or only marginally invalid according to ASTM E 1221 88. The 35
data points obtained by testing the irradiated crack-arrest specimens
have approximately doubled the known data base of irradiated crack arrest
toughness and extended the data base coveraSe to higher levels of crack-
arrest toughness and temperature relative to RTup7 Preliminary observa-
tions are:

1. Values of irradiated crack arrest toughness K , were obtained at3

tertperatures 40 K above the irradiated RTwot of the welds. This
accomplishment is experimentally significant because a temperature
of 20 K above RTyp7 is generally considered to be the limit for
obtaining useful results with the unirradiated weld embrittled type
of crack arrest specimen.

2. The shif ts of the lower-bound K, curves for the 72V and 73V weldn
are approximately the same as the corresponding 41 J CVN impoet
energy level shifts.

K, curve, when shifted by ATTo.;, is a conservat..o3. The ASME 2

estimate of the irradiated crack arrest toughness for velds 72V and

llH in the transition region 40 K above RT ot. At temperatures b(lowN

RTup7, a smaller margin of toughness is apparent between the lower-
bound curves and the ASME Kg, curves.

4. The shape of the lower-bound curves compared to those of the ASME Kr.
curves were apparently unaltered by irradiation for the temperature
range covered by the tests.

,
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Flow and Pro:essing of Crack Arrest Data

The appendices document for archival and quality assurance purpor,s.
var tous aspects of the crack arrest data. Appendix A t races the flow and
processing of data on the crack arrest specin.cas and also givet detatlcd
crack arrest specimen din.ensions and results. The BASIC compiter code
*CA_TfST" used to process the test data is listed in Appendix B, and the
Young's inoduli used are discussed in Appendix C. Typical output from
CA_ TEST for weld.embrittled and duplex type crack arrest s pe c in.e ns in
shown in Appendix D. The load vs crack mouth opening displaccuent (CM%'
charts obtained during the test and a photograph of the fractt.re sutiace
for each irradiated specimen is reproduced in Appendix E.

It is not possible to legibly present the voluminous data abo n
each specinien in one table without resort'.ng to foldout pages. Thus, to
limit table widths to a single page, the data are logienlly grouped and
the specimen identification is used to tie the tables together. To
facilitate their use, the crack arrest data tables given in the
appendices are sorted by specimen identification (in the main body of the
text they are sorted by test temperature).

The dimensions of each crack ar.est spec tine n are measured and
recorded on data sheets, a snmple of which is shown in Fig. A.I. The
data on crack arrest specimens are then recorded on a Hewlett packard
Series 200/300 cornput e r . The Basic computer code used for this putpose
is CA, TEST, (crack arrest u.n ) , which was specifically written to
process the crack arrest test data. A list.ing of CA_ TEST is included in
Appendix B. The pretest input data consist of the reasured specino
dimensions, test temperature, yield strength, and Young's inodulus at the
test temperature. The measured spectraen dimensions, for the unirrndiated
and irradiated crack arrest tests are given in Tables A1 and A 7,
respectively. The yield strength and Young's toduli used have not been
included in these tables. The yleid st.rength for each of the 72W and 73W
weldments are presented as Figs.10 and 11 in the main body of the test ,
and Young's moduli are given in Appendix C.

The ASTM E 1221 88 test procedure prescribes for weld embrittled-
type specitnens only a series of loading and unloading cycles. The yield
strength and Young's modulus are used to calculate the load increment for
the londing and unloading cycles for veld embrittled type specimens as
well as the validity criteria. Young's modulus is also used to evaluate
the stress intensity factors.

The pretest output for CA_ TEST is an echo of the input data.
CA_ TEST also eniculates and prints the load increments for the loading
and unloading steps in terms of clip gage CMOD. For duplex specimens, no
loading and unloading cycles are prescribed in ASTM E 1221 88, but a
single cycle with a CMOD approximately equal to that for weld cmbrittled
specimens is performed to seat the clip Jage and generally shake down the
test equipm(nt.
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Af ter the rapid crack propagation and arrest event, the specimen is
heat tinted, chilled, and broken open. The length of the remaining
l! ament is measured at three locations by the procedere given inL
paragraph 8.6.2 of E 1221 88. These three lengths as well as the clip-
gage CMODs at the four point 9 on the load vs CMOD chart as prescribed in
ASTM E 1221 88 are provided as posttent input to CA_ TEST.

The maximum and minimum loads registered just before and af ter the
rapid crack propagation event are also recorded. During the developreent
of ASTM E 1221 88, the ratio of these loads was one of the validity
requirements. Although the latest revision of ASTM E 1221 88 does not
prescribe this ratio, it is at t11 recorded for consistency with the large
number ;f existing i11cs. Experience has also shown that the relative
load drop is an approximate indicator of the crack jump length at the
time of the test. A srna 11 drop in load is an indication that the crack

has not propagated a significant amount. At the other extreme, if the
load drops to almost zero, it is likely that the remaining ligament is
small. All the posttest data are given in Tables A 3 and A 4 for the
unitradiated and irradiated specimens respectively.

The output of CA_ TEST echoes the posttest data input and
calculates K, and K as well as all the validity criteria prescribed in
A$TM E 1221 88. The output also indicates which of the criteria have been
met or not rect. Typical output from CA_ TEST for both a weld embrittled
and a duplex specimen is given in Appendi-( D.

The detailed values used to determine the validity of the crack-
arrest results are given in Tables A 5 through A 8. Tables A 5 and A 6
are for the unitradicted 72W and 73V weldments respectively, and the
corresponding information for the irradiated weldments is in Tables A 7
and A 8. In these f our tables, the first row for each specimen contains
the measured values required to judge the validity of the results. Belew
these valuen are the corresponding minimum values as prescribed in ASTM
E 127186. Validity criteria are evaluated for weld embrittled specimens
(4 criteria) and duplex type specimeno (5 criteria),

in the right hand column, the presence of one or more letters
indicates that the specimen did not meet the validity criteria of
ASTM E 1221 88. The arrested crack front is rarely straight or square.
Thus, to allow for uncertainties in the measurement of the remaining
ligament, the measured values were increased by 10% before they were
compared with the ASTM criteria.

Other values included in the tables are the specimen type (whether
veld embrittled or duplex) and nominal specimen thickness B and overall
width (the height is equal to the width). Other parameters included are
test temperature and stress intensity factors just before the rapid crack
propagation event K. (a measure of the crack driving force) and that
shortly after arrest K .

-
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During the processing of the data, it vaa not clear how the
information will be eventually presented. To maintain some flexibility,
the data are maintained in the relational data base computer code
PARADOX. Such a data base allows any of the information stored in it to
be selected, sorted, and formatted for presentation. All data (including
that f rote the Hewlett Packard Series 2D0/300 computerai are snaintained in
PARADOX on an thM. compatible computer. The tables in this report have
been prepared by using a RDB computer code. The RDS code has also proven
useful in the evaluation of the data. When the data are examined from
different viewpoints, input data errors are often noticed,

1
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Table A-1. Measured dimensions in millimeters of the unirradiated crack-arrest specimens from the I

!
(i72V and 73W weldmentsa
t
i

Specimen B B, 2H V Fr Rs Rt Tu Tv N
i

[
s

,

;
A72VO1 25.40 19.25 152.37 152.45 6.35 10.72 40.18 28.94 0.00 11.54:

j A72V02 33.05 24.73 152.37 152.45 6.35 10.69 40.24 28.89 0.00 12.08
{

,
'

A72WO3 25.40 17.86 152.40 152.45 6.35 '10.77 40.26 29.43 0.00 11 61 ,

A72WO4 33.05 24.94 152.37 152.45 6.35 10.73 40.26 28.90 0.00 11.53
l .A72WO3 25.10 17.86 152.40 152.45 6.35 10.73 40.18 29.39 0.00 11.51
', A72207 33.02 25.12 152.37 152.43 6.35 10.67 40.33 28.91 0.00 11.52 i

L

!

A72V08 25.43 17.96 152.40 152.43 6.35 10.66 40.19 30.28 0.00 11.44
A72W12 33.05 25.07- 152.40 152.43 6.35 10.68 40.32 28.77 0.00 11.45 }A72U19 33.02 25.04 152.37 152.43 6.35 10.59 40.26 29.37 0.00 1 1 . 54

'

A72W20 25.37 18.15 152.43 152.43 6.35 10.47 40.52 28.68 0.00 11.49 " t
2- r2p

| A72W24 25.35 19.13 76.17 76.20 3.18 3.95 21.61 11.75 0.00 11.49
6

{! A72U25 25.35 19.15 76.17 76.17 3.18 3.77 21.54 11.58 0.00 11.46 {|_ A72V28 25.27 19.10 76.17 76.17 3.18 3.95 21.58 11.86 0.00 11.53 (I'
A72W31 25.27' 19.20 76.17 76.17 3.18 3.95 21.60 11.80 0.00 11.41
A72V34 25.40 19.15- 76.15 76.20 3,18 3.89 21.44 12.37 0.00 11.61 '

b
i-

A72W35 25.40 '19.08 76.20 76.23 3.18 3.93 21.66 11.86 0.00 11.57
A72W36 25.40 '19.15 76.17 76.23 3.18 3.85 21.62 12.12 0.00 11.53

1
1 '

} A72W37 25.40 19.02 76.17 76.23 3.18 4.00 21.68 12.03 0.00 11.52 (I A72U38 25.37 19.05 76.20 76.20 3.18 4.01 21.48 12.22 0.00 11.54 :
<

A72V39 25.40 19.00 152 37 152.40 6.35 10.62 40.44 28.54 0.00 11.53 !

.

u
.

]-
tA72U40 32.99 24.74 152.37 152.40 6.35 10.73 40.56 29.66 0.00 11.60

A72U41 25.4 19.00- 152.37 152.43 6.35 10.74 40.50 28.39 0.00 11.35a
<

-
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Table A-1 (continued)
,

Specimen B B,| 2H, W. Fr. Rs Rt Tu Tv N
.

A72V43 25.43 19.00 152.40 152.37 6.35 10.62 40.44 28.42 0.00 11.50

A72U44 25.40 19.02 152.37 152.37 6.35 10.63 40.38 28.52 0.00 11.47

A72V45 32.99 24.74 152.40 '152.40 6.35 10.56 40.40 28.89 0.00 71.41

A72U46 25.43 18.92 152.37 152.37- 6.35 10.57 40.50 28.43 0.00 11.49 .

* A72V47 33.02 24.74 152.37 152.40 6.35- 10.70 40.51 28.52 0.00 11.50
.

t

A72U48 25.40 18.87 152.37 152.40 6.35 10.69 40.55 27,.33 0.00 11.38

A72V57 32.97 24.79 152.40 152.40 6.35 9.40 41.13 27.07 42.67 1.43 !
,

| ,

1
-

9.53 41.34 26.76 42.67 1.15 -!~

A72U62 32.99 24.82 152.40 152.40 6.35

A72V63 32.99 24.84 152.35 152.37 6.35 9.55 41.39 26.50 42.67 1.04

| A72U64 33.02 24.79 152.45 152.35 6.35 9.48 41.16 26.70 42.67 1.08
.

!

j A72W65 33.05 24.79 152.40 152.40 6.35 9.53 41.38 26.89 42.67 1.17

i A72V66 33.02 24.77 152.40 152.43 6.35 9.49 41.34 26.55 42.67 1.06 g
A72U68 32,99 24.79 152.40 132.40 6.35 9.45 41.33 27.22 42.67 1.10

-

A72W71. 33.02 24.79 152.43 152.43 6.35 9.53 41.25 27.06 42.67 1.06

A72U73 33.05 24.82 152.43 152.40 6.35 9.46 41.20 30.19 42.67 1.13

A77J8* 50.85 46.99 203.23 197.74 14.29 7.90 48.66 40.18 0.00 11.34

A72V84 50.90 46.99 203.20 197.71 14.29 7.76 48.74 40.19 0.00 11.33
L

A72U85 50.84 38.13 203.33 197.76 14.27 7.87 50.30 54.35 0.00 11.86
4

A73U01 25.45 19.02 76.15 76.15 3.18 3.65 21.65 11.82 0.00 11.52 i

fA73UO2 25.45 19.02 76.17 76.12 3.18 3.57 21.84 11.52 0.00 11.60

A73UO3 25.45 19.10 76.15 76.12 3.18 3.70 21.58 11.74 0.00 11.52

A73V04 25.45 19.00 76.17 76.12 3.18 3.76 21.26 12.18 0.00 11.52
f

: A73COS 25.45 19.13 76.17 76 10 3.18 3.84 21.64 11.70 0.00 11.51

A73UO6 25.45 19.02 76.17 76.02 3.18 3.79 21.64 11.f 9 0.00 11.56 [I

| ~ t

A73UO7 32.97 24.93 152.35 152.27 6 35 9.54 41.12 26.74 43.18 2.37
,

A73UO8 32.97 24.97 152.37 152.37 6.35 9.60 41.15 26.83 43.18 2.45(

;

A73UO9 32.94 24.94 152.35 152.37 6.35 9.57 41.11 27.00 43.18 2.36a

,

A73U10 32.99 24.88 152.37 152.40 6.35 10.41 40.29 34.39 0.00 11.52
'

!

i

._ , ,_
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Table A.1 (continued) f

f
Specimen B B, 2H W Fr Rs Rt Tu Tv Na s

~

IA73W11 25.43 18.97 152.43 152.43 6.35 10.58 40.14 34.65 0.00 11.59

A73W16 25.40 !8.95 152.35 152.37. 6.35 10.50 40.30 34.59 0.00 11.56i

A73W20 25.40 18.92 152.35 152.40 6.35 10.41 40.29 34.03 0.00 11.60 |

A73W22 33.05 24.78 152.40 152.37 6.35 10.37 40.14 34.60 0.00 11.52
* u

A73W24 32.99 24.80 152.37 152.37 6.35 10.38 40.39 34.62 0.00 11.45 !

A73W25 25.40 19.02 152.35 152.40 6.35 10.52 40.45 34.19 0.00 11.57;

!' A73U27 32.99 24.77 152.37 152,40 6.35 10.45 40.19 34.28 0.00 11.53 I

a ,

j A73W28 25.40 18.97 152.35 152.40 6.35 10.43 40.43 34.38 0.00 11.58 |

! A73U29 33.02 24.77 152.37 152.40 6.35 10.30 40.33 34.31 0.00 11.51
i
'

A73U30 25.40 18.95 152.43 152.45 6.35 10.51 40.30 34.48 0.00 11.59
r

A73U32 25.40- 19.10 76.17 76.23 3.18 3.83 21.60 12.13 0.00 11.53
,

'

6

A73W36 25.40 19.02 76.17 76.23 3.18 4.02 21.56 11.81 0.00 11.49 e ;
1 o t

3 A73W3B 25.40 19.15 76.17 76.23 3.18 3.83 21.53 12.11 0.00 11.49 I
;<

A73W42 25.40 19.08 76.20 76.23 3.18 3.85 21.46 12.17 0.00 11.55 [,

fA73W43 25.40 19.02 152.37 152.40 6.35 10.61 40.39 28.61 0.00 11.51

! A73W44 33.05 24.79 152.40 152.40 6.35 10.61 40.46 29.62 0.00 11.52

A73W46 33.02 24.82 152.37 152.40 6.35 10.62 40.33 28.67 0.00 11.70 ;

A73W47 25.43 18.95 152.40 152.40 6.35 10.73 40.41 28.65 0.00 11.48 [

A73W48 25.40 18.87 152.37 152.37 6.35 10.59 40.46 28.16 0.00 11.57 I
t

A73W49 33.02 24.74 152.32 152.37 6.35 10.59 40.43 28.52 0.00 11.37 |

'
A73W50 25.43 19.08 152.37 152.40 6.35 10.71 40.37 28.74 0.00 11.57

A73252 25.43 19.05 152.40 152.37 6.35 10.76 40.50 28.64 0.00 11.55 .

A73W75 49.53 37.26 203.23 203.28 0.84 8.43 55.16 37.10 66.06 1.50

| A73W85 33.05 24.37 152.32 152.43 6.27 9.55 41.30 27.97 42.57 1.34

! 'A73WB6 33.02 24.89 152.43 152.45 6.27 9.51 41.27 27.84 42.77 1.39 '

! i
A73W87 32.99 24.89 152.45 152.43 6.27 9.53 41.26 28.69 44.19 1.38

|

i A73W88 32.97 24.99 152.50 152.43 6.27 9.46 41.25 28.72 42.42 1.37 !

|
!

| *see rig. A.1 for definitions of nomenclature used in this c. die. ;
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Measured dimensions in millimeters of the Irradiated weld-embrittled crack-arrestTable A-2.
specimens from the 72W and 73W weldmer:ts"

1

Specimen B B, 2H V Pr Rs Rt Tu N j

s

A72WO6 25.40 17.88 152.40 152.40 6.35 10.51 40.22 29.56 11.65

A72WO9 33.02 24.82 152.40 152.40 6.35 10.50 40.23 30.13 11.51

A72W10 25.40 17.93 152.40 152.40 6.35 10.52 40.31 28.85 11.53

A72W11 25.40 17.83 152.40 152.40 6.35 10.43 40.29 29.35 11.51

A72V13 25.40 17.83 152.40 152.40 6.35 11.87 41.68 28.79 11.39

A72W14 33.02 25.02 152.40 152.40 6.35 10.49 40.27 28.92 11.51

A72W15 25.40 17.81 152.40 152.40 6.35 10.54 40.34 28.96 11.35
|

A72V16 25.40 17.83 152.40 152.40 6.35 10.48 40.29 29.37 11.56 E

A72W17 33.02 24.79 152.37 152.40 6.35 10.49 40.34 28.97 11.15

A72W18 25.40 18.01 152.40 152.40 6.35 10.5~ 40.34 28.89 11.51

A72721 25.40 19.08 76.20 76.20 3.18 3.59 21.45 11.60 11.59

A72W22 25.40 19.10 76.20 76.20 3.18 3.73 21.36 11.91 11.48

A72W23 25.40 19.10 76.20 76.20 3.18 3.82 21.48 11.81 11.48

A72W26 25.40 19.10 76.20 76.20 3.18 3.94 21.62 11.76 11.56

A72W27 25.40 19.13 76.20 76.20 3.18 3.91 21.54 11.80 11.51

A72W29 25.40 19.08 76.20 76.20 3.18 3.64 21.35 11.81 11.55

A72W30 25.40 19.15 76.20 76.20 3.18 3.98 21.43 11.90 11.66

A72V32 25.40 19.13 76.20 76.20 3.18 3.60 21.43 11.78 11.54
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Table A.3. Posttest values measured for unfrradiated crack arrest specimens
,

from the 72U and 73W weldmentsj

S pec ie.c n V1 U2 V3 P1 P2 P3 P4 P. 16

I A72V01 33.01 30.94 35.66 0.056 0.163 1.351 1.369 52 e.

A72V02 28.64 27.53 29.22 0.038 0.147 1.369 1.443 71 o

l A72V03 42.67 42.52 42.70 0.051 0.165 1.405 1.455 54 11
'

A72V04 J7.80 25.65 31.22 0.025 D.122 1.367 1 445 68

A72V05 36.73 36.13 42.57 0.046 0.165 1.265 1.326 54 !!

| A/2V07 34.68 34.73 34.43 0.061 0.163 1.367 1.433 73 0

A72V08 35.86 34.64 34.81 0.030 0.145 1.283 1.346 52 '.

| A72V12 33.03 14.23 33.78 0,038 0.312 1.600 1.651 77 1

A72V19 33.09 36.33 33.54 0.051 0.142 1.224 1.326 71 0

A72V20 39.10 35.34 42.45 0.000 0.000 0.714 0.767 29 0

A12V24 10.58 10.37 10.35 0.020 0.058 0.742 0 815 27 0

A72V25 12.50 11.6$ 14.60 0.046 0.109 0.889 U.932 26 /

A72V2B 9,82 10,54 9.45 0.018 0.079 0.762 0.828 33 0

A72V31 13.26 13.46 15.78 0.020 0.208 1.168 1.219 51 1

A72V34 14.77 13.69 15.95 0.013 0.043 0.732 0.737 28 2

A72V35 12.02 12.56 12.14 0.008 0.020 0.554 0,630 25 6

A72V36 13.67 14.84 11.82 0.010 0.069 0.737 0.800 31 2

A72V37 -14.20 14.47 14.15 0.006 0.015 0.610 0.709 26 o

A72V38 11.65 11.74 11.15 0.020 0.028 0.620 0.699 28 0

Ai2V39 13.87 14.46 13.79 0.030 0.030 0.879 1.095 34 o

A72V40 24.79 27.18 23.77 0.051 0.320 1.892 1.956 87 v

A72V41 34.88 34.19 33.12 0.056 0.056 0.927 1.016 30 o

A72W43 33.35 31.12 34.07 0.025 0.066 1.184 1.245 49 0
,

A72W44 34.18 34.S1 33.34 0.018 0.043 0.925 1.019 44 2

A72V45 38.29 .38.93 !6.84 0.058 0.058 0.889 U.980 38 2

*

A72W46 46.44 48.73 42.19 0.056 0.056 0.958 0.980 36 8

i A72V47 33.36 38.38 29.52 0.061 0,097 1.189 1.255 $6 2

A72V48 34.57 35.19 33.04 0.038 0.076 1.214 1.306 53 3

A72V57 54.48 54.34 56.69 0.018 0.000 1.283 1.316 78 4

A77W62 37.13 37.39 36.83 0.000 0,000 1.577 1.659 107 8

A72V63 39.81 40.04 41.37 0.005 0.000 1.361 1.427 143 1

A72V64 37.49 35.73 39.64 0.Q36 0.000 1.275 .1.206 75 to

A72V65 34.33 34.35 38.15 0.010 0.000 1.b09 1.554 84 5

.
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Table A-3. (continued)
'~

n.ect.en v1 V2 V3 r1 r2 r3 c4 r. %

A12V66 31.37 32.20 .30.64 0.018 0.000 1.346 1.402 87 3

A72V68 35.12 35.53 38.25 0.020 0.000 1.359 1.443 89 0

A72V71 23.22 22.16 25.71 0.0?$ 0.000 1.392 1.504 106 0

A72V73 48.18 50.45 43,83 0.046 0.000 1.415 1.448 64 1

A72VB3 59.33 60.56 56.02 0.079 0.079 1.209 1.224 66 26

A72V84 53.72 55.41 60.47 0.086 0.178 1.570 1.651 121 4
,

A72V85 32.98 39.89 28.27 0.102 0.163 1.745 1.816 76 4 |

A73V01 10.14 10.87 9.47 0.051 0.038 0.650 0.699 18 0

A73WD2 14.24 L2 53 15.76 0.025 0.038 0.732 0.808 27 0
;

A73V03 7.76 7.89 8.08 0.030 0 097 0.919 0.998 26 0

A73V04 10.36 9,00 11.43 0.030 0.102 0.838 0.909 38 0

A73V05 8.04 9.48 7.29 0.038 0.193 1.021 1.125 38 0

A73V06 12.99 13.00 12.67 0,043 0.254 0.996 1.052 37 9

A13V07 30.21 34.74 31.51 0,025 0.000 1.636 1.783 119 0

A73V08 39.08 38.93 40.81 0,025 6.000 1.313 1.417 88 L

A73V09 37.24 39.62 37.05 0.025 0.000 1.283 1.372 97 C

A73V10 16.62 16.62 16.31 0.030 0.229 1.605 1.671 66 o

A73V11 34.95 33.74 36.70 0.051 0.079 1.083 1.107 31 12

A73W16 32.55 34,35 31.80 0.013 0.051 1.143 1.186 48 0

A73V70 40.31 40.56 39.90 0.051 0.262 1.542 1.565 '. 9 5

A73V22 27.44 26.80 29.91 0.013 0.173 1.651 1.671 54 0

A73V24 - 14.07 14.66 11.93 0.038 0.361 2.108 2.200 68 o

A73W25 35.53 35.93 39.76 0.038 0.233 1.7f1 1.819 48 12

A73V27 34.23 38.29 14.82 0.025 0.122 1.407 1.433 61 0

A73V28 29.54 30.73 28.66 0.051 0.051 0.968 1.003 30 2

A73V29 31.24 26.85 34.02 0,064 0.099 1.402 1.433 66 0

A73V30 25.60 28.52 23.98 0.025 0,053 1.067 1.118 31 0

A73V32 6.60 6.91 6.9) 0.013 0.058 0.841 0.927 37 o

A73V3? 13,84 13.75 12.90 0,013 0.043 0.716 0.792 31 i<

A73V38 6.98 6.83 6.81 0.020 0.048 0.699 0.876 23 0

A73V42 8.80 8.09 9.36 0.025 0.053 0.726 0.874 34 0

A73W43 3!.72 36.16 16.54 0.056 0.056 0.892 0,968 43 0

A73V44 41,77 44.87 42.95 0.064 0.150 1.372 1,433 75 18

A73V46 41.28 39.15 42.24 0.030 0.137 1.433 1.473 73 0

A73V47 39.58 41.03 39.26 0.056 0.056 0.968 1.031 38 8

A73W48 28.27 26.48 29.53 0.051 0.091 1.090 1.166 40 3

A73V49 3?.39 13.42 38.65 0.030 0.206 1.516 1.539 64 0

l
:

ey . , 7 , ,, -- g 7 y 9. . . - , .-,pp._p., , y ,, ._
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Table A.3. (continued)

sreetmen wt v2 v3 r1 re r3 r4 r., i . ,, ,

--

A71W50 18.05 18.28 22.52 0.036 0.142 1.435 1.560 67 o

A7:v52 18.32 18.84 17.Ba 0.051 0.155 1.448 1.567 66 0

A 7 J'J7 5 40.84 37.67 45.12 0.000 0.000 1.613 1.765 181 0

473'.85 50.63 50.28 49.94 0.000 0.000 1.280 1.313 82 1

A73Wa6 34.19 35.10 32.86 0.000 0.000 1.245 1.285 83 1

A73V87 30.58 30.94 30.74 0.000 0.000 1.491 1.554 91 2

A73V68 42.81 46.58 *2.56 0.000 0.000 1.387 1.407 82 3

NOTES:
V1.V2. and V3 . lengths in att11 meters of the remaining ligament osasured according to

ASTM E 1221 88
el through F4 - displacements in millimeters measured from the load vs CMOD trace,

see Fig. A.3.

P . . P in . maximum and minimum loads registered just before and just af ter the rapid
crack propagation event,

,

1
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Table A.4, Posttest values sticasured for unirradiated crack arrest specirtens

from the 72V and 73W weldinents
.--

spu taen V1 V2 V) tl F2 P3 h P.., P. o,

2VD6 06.1 61 45 6B 33 0 0 127 1 213 Ji5 J1 10'

A72WO9 46 34 /. 5 . 5 9 52.66 0 a 152 1.246 ;M 5> 16

A72Wlp 49.31 .9.94 4.8 44 0 0.051 U 965 1 00) l ', o

A!2Wil 60.43 60,25 62.5 0 0 159 1 124 1 149 I f. 12

A72W13 43.86 45.26 i3.38 0 0.051 0 81 0 B19 t' B !

A72V14 59.19 08.53 56 84 0 0 14 1.232 1.263 58 29

A72V15 46.14 49 14 45.93 0 0 089 1.13 1.166 le 3

Al2V16 54.8 57.81 52.31 0 0 102 0 919 0 958 15 F

12A72W17 50-94 59.45 50.96 0 0 064 1.095 1 138 ..

A72V18 52.18 06_b6 5'!.02 0 0 038 1.138 1.1 % 17 1

A72V21 20.35 20.48 19 0 0 0.40% o 452 o 1

A12V22 6.682 1.145 7.406 0 0 0 957 U 97 i l

A72V23 21.77 22.11 22.23 0 0 0 538 0.572 10 3

Ai2V26 15.57 14 19 15.03 0 0.01-3 0 34 o 406 1 2

A72W27 18.13 19.6 17.3 0 0 D 498 0.549 11 1

A72W29 20.23 22.09 19 . 9 !. 0 0 0SM 0.574 11 1

A72V30 15.84 15.11 15.29 0 o '' O 414 6 2
'

A72W)2 24.71 24.78 24.97 0 o c o r. 0 472 lu 5

Al)V13 61 24 70.09 60.19 0 0.051 1.151 1 169 Jo 14

A7)V14 29.09 24,59 33.03 0 0 218 2.355 ' '19B 'A 1

A?)l5 45.23 41 6 44.04 0 0.013 0 82B 0.859 16 5

A/3V17 0 0 0 0 0 0 0 0 0

A73W18 48,12 54.82 50.23 0 0.083 1.273 1.285 15 5

Ai3V21 57.97 53.16 56.02 0 0.032 0.972 0.997 12 7

A73W23 43.73 50.62 41.69 0 0.286 /.007 2,045 60 9

A/3V?6 56.14 $ 5 . 6,5 54.21 0 0 02 0.77 0 813 !! 6

A|3W31 19,97 22.84 21.04 0 0 0.408 0.464 8 )

A/3W33 26.34 26.68 26.6 0 0 0,464 0 495 10 4

A73W)4 22.15 21.2 22.88 0 0 0.414 0.48 10 1

A13W35 27.82 25.31 30.01 0 0 0.411 0.424 9 4

A73V37 2.738 3.18 2.556 0 L 025 0.732 0 <32 1 0

A13W39 13.66 13.86 14.39 a 0 0 X2 0 404 1) 1

A73V40 25.99 26.32 26.62 0 0 0.503 0.546 10 4

A13W41 31.13 32.23 29.41 0 0 0.432 0.412 4 5

A73W45 52.69 52.84 60.23 0 0.07 1.034 1 082 26 10

Ai3V51 47.38 51.28 42.7 0.013 0.343 2.019 2.057 41 16

NOTES;

V1,V2, and W3 = lengths in millimeters of the rewatning lipment measured according to
ASTM E 1221+88.

P1 through P4 - displacements in millitacter s measured f rom the load vs c rack mouth opening
displacement trace. see F ig A.I .

P P - maximum and minimum loads registered .}ur.t before and just after them,, un
rapid c rack propagation event
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Table A 5. Values measured during crack arrest testitig of
the unfrradiated weldment 72W and 73W

!

:.pcleen Typ B W, T ra r.o A B c D L v..t hh 6 v

'
Al2WD1 6f 75 th?- -16 1! 199 !) il D Si il

19 /3 15 73 J 'i

Al2WO2 W l' 11 152 o at /0) 19 19 11 i$ /#

19 21 1/ 74 / t,

A12W3) WE 25 lb2 14 128 ?la il 41 7) 40 e.u c
19 40 12 23 25

A12WD4 WE 13 152 l$ "4 209 28 28 33 35 55
19 21 17 23 26

A12WO5 WE 2S lt) 30 10/ 191 39 19 75 44 44
19 27 22 23 21

A12WO/ WE 33 152 15 10) 701 1% b 13 49 49
19 26 21 2) 25

A ly Wuit WE 25 lt? 10 10i 19% 15 3$ 25 47 47
19 25 20 23 12

A72W12 UE 11 152 o 114 /1$ 14 14 13 50 50
19 12 26 23 79

A/2W19 WE 1) 152 15 's '. 180 14 % 11 49 49
19 ?2 Il 2) ?D

A?2W20 WE 25 152 41 d.. 174 19 19 ik 64 '. 4

19 10 M 23 H

Al2W24 WE 25 16 . iu ,,1 168 o 10 is 12 j;

10 9 D 16
A12W2$ WE ?5 16 10 * 142 l) () ?L 10 10 r.

10 li 12 13 11
A12W28 WE 25 /6 . to +.o 168 lu 10 iS 1) 1)

10 " / 21 16
At?W31 WE 2$ 16 l 'a M i)4 14 14 l) 29 /9 r, ):

10 18 22 23 11
A12W14 WE ?$ /6 41 Il 168 lb IS ?5 78 /H

10 12 10 ?) 16
A12Wi$ WE 'l$ 16 60 JJ 112 12 12 !$ 11 11

10 o 23 1,

A12W36 WE 2S '5 4/ si 164 !) !) /> 19 19
10 11 'e 23 lb

A12W11 WE ?S 16 61 ui 147 14 14 ?S 28 la

10 9 8 13 11
A/2V38 WE 2$ /6 i9 ', / 146 12 !? 25 31 11

10 / 6 /1 11
A12W)9 WE 2S 152 64 W 145 14 14 /$ 69 f.9 A

19 4 7 23 11
Al2W40 WC 3) li2 o 114 26) 15 lb 1) $7 9/ n

19 12 26 23 %/
A12W41 WE 25 IS2 4% I4 149 l ', 14 25 50 30

19 12 10 l) 1/
Al2W4) WE 25 152 12 >> / 190 13 11 25 il il

19 10 16 23 /t
Al2W44 WE D 152 >60 '6 151 14 14 /> $0 in

19 il 10 13 12
A02W45 WE 3) 152 44 , , , 141 18 la 11 45 .3

19 |} 11 M 11
'

Al2W46 1. E 2S 152 44 ,1 154 c.6 46 75 18 18

19 19 li 21 13
A12W47 WE 11 152 - 10 "I 166 14 1% 13 50 o

19 20 16 21 10
A72W48 VE 25 l$2 10 W 194 14 14 JS 49 .9

19 22 18 ?) 22
;

I

i

,

i

|

!
|

|

l
- . . - . - . . , . - - . - . - . - . - . . . - . . - - . - . _ . - . _ _ . . . _ - - - - . . - , - _ .
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Table A 5. (continued)

spec t eefi Type R We T ra re A n o p i. .. i i .i n i v

A/?WS7 DX 1) 152 ?! 146 ?)6 SS 55 !) 1) 11 i.D

19 S '. 41 ?S

Al?W62 DX 1) IS2 10 136 /A7 17 11 11 11 'l r. . c

19 46 11 ?)
A/IW6) 1:X l) IS2 l !?S ?)2 40 40 13 28 28

19 19 11 25

Al?W64 DX 3) 152 1 108 217 )$ 18 13 il 11

19 29 ?) 25

Al?W65 DX 3) 152 4 12$ ?$6 16 16 11 33 il

19 .19 il 25

A12W66 DX 33 IS2 2 10) 729 11 31 1) 37 il

19 26 ?! 25

A12W68 DX )) 152 $ 115 ??9 36 16 )) 32 12

19 )) 21 25

A72W71 DX 13 152 14 91 237 24 ?4 )) 45 45
19 20 16 21

A12W73 DX 13 152 5 142 ?)0 4R 44 )) ?! 11 rD
19 *0 so ?S,

A??W8) WE SI ?ul 30 HS 146 $9 '9 's l SO ' t), ,

25 17 14 2) 12

A72W84 WE S1 ?03 0 10'i 178 57 $1 51 52 's ?

75 ?8 23 ?) /0
Al?W85 WE Sn 70) 15 95 195 14 14 SL 59 $9

25 /2 1/ 14 t)

A13WD1 WE 25 /6 >45 57 151 10 10 /6 }) l)

10 fi ', 71 13

AI)WO2 WI. 25 /6 45 /S 172 14 i4 /6 19 29

10 l) 10 /1 16

A/3WO) WE 25 /6 45 64 203 M 8 7 f, 15 15 A,n

80 9 1 l) 23

A73WO4 WE 2% /6 -10 67 181 10 10 M 17 12

10 11 R /3 19

A7)WOS WE ?S /6 10 /0 204 k 8 /6 )$ 15 n.h

IJ 12 e ?3 74

A7)WO6 WE 25 /6 .)$ 81 68% 13 l) 26 10 10 l'.

10 .6 1) 13 19

A7)WOF DX 1) IS/ S !?9 277 32 12 11 16 16 h

19 47 14 ?S

A15.106 DX )) 152 $ 119 222 40 40 1) 28 /8
19 16 74 25

A/3WO9 DX l) 152 5 112 216 18 18 13 30 10

LY ll 75 ?$

A7)W10 VE 1) IS2 16 17 ?!6 11 17 il f> l 61 A

19 )$ 12 13 ?C

A/.)Wil m'E 25 152 -)? 85 159 15 15 ?S 41 4)
19 11 14 13 15

A7)W16 WE 25 IS2 29 89 172 13 31 /4 45 4$

19 19 15 23 17

A73W20 WE 25 152 16 176 20) 40 40 75 18 18 C

19 19 11 23 15

Al%f? 2 WE 3) 152 16 110 232 18 >$ 1) 10 s0
19 60 c '. 2) 11

Al)W74 WE 11 152 13 M9 ??) 14 14 11 64 f.4 A.B
[9 10 16 23 <+ 6

A71W25 WE 25 152 ,15 141 74) 17 17 25 41 41 B.C
19 49 19 2) 16

.. . . . -
-
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Table A 5. (coittiin, led)
e

i spec.1 men Type 6 6 i V .. ku A t. c D r Llidity

~
s

A73V27 WE 13 152 -12 111 702 M 36 13 42 42
19 10 14 23 25,

1 A73W2B VE' 25 152 61 a 146 10 to 25 <,3 48
19 10 8 23 11

A73V29 VE 33 152 . 30 100 20$ 11 il 13 47 47 '
,

19 74 19 23 25
#

] A73W30 VE 25 !$2 -44 11 161 26 26 2$ S2 52 -
-

19 12 9 23 14
A73W12 VE 25 76 a9 % 192 1 / 2$ 36 36 A ,

10 / $ 23 20
A73V36 WE 2$ 16 *b9 12 168 14 14 25 29 29 I

10 11 9 23 li
A13W38 WE 25 16 62 SO 160 1 / 2$ 36 36 A

10 5 4 23 13
A73V42 WE 25 16 60 %8 166 9 9 25 34 34

10 1 6 23 14
A?3V43. WE 25 l$2 -45 /3 142 16 16 25 47 47

19 12 10 23 11
A73V44 VE 33 IS2 -!$ 123 704 4) 4) 13 39 19 *

lY 11 30 23 25 {
A13W46 WE 33 152 l$ 124 219 '.1 41 13 41 43

19 18 30 23 19
A73V47 WE 2) l$2 4% 8) l$6 40 Au 2$ 43 43

19 il 13 23 14
A73W48 VE 25 l$2 31 /$ t/0 /s 18 25 - $$ %

'
19 13 11 23 17

A73W49 WE 33 152 l% ll? 222 16 16 33 48 48
19 13 27 23 10 ;

A73W50 ' WE 25 lb? - 10 no 221 ?O 20 25 64 f.4
$ 19 lb 12 23 29 )

A13W$2 WE 25 IS2 +/9 1/ 219 16 18 15' 65 f. $ (
19 14 11 23 ?8

A13W7$ DX '1 i'03 5 in7 /29 4) 41 40 41 41.

, , , A |3 1'

= A73VR$ bX 13 IL2 5 137 214 $0 40 13 18 th CD
19 41 18 />

A13WB6 DX .13 IS2 -5 101 209 14 14 13 14 la
19 15 20 15

A?3V87 DX 33 152 5 113 247 31 31 13 16 16
19 32 26 2S

A/3Ve6 DX 33 !)2 l$ 132 228 44 r.4 13 25 25
19 44 36 75

WTES:
Type either WE (weld embrittled) or DX (duplet)a

6. V _ nominal overall saecimen alte, in sallimeters, see Fig. 2*

T test temperature in 'C=

r r., - stress intensity lector at crack arrest and at crack inttlation,
respectively, in MPas/s. ,

The le tters A, . 6, E are the letters used in the ASTM E 1221 68 validity criterla, The top itov 01 numbers are the measured values f or each critetton, und those below are the olnimums
yspeellied in the atendard. The remain |ng tir, ament has to f ulfill two cruerta, and thus the

same value is repeated tot A and B. The name la true tot the cract jump.
,

A.6 . = length of remanning linament, millimeter 4.
. C * specimen width, elllimeters.
'

~ ~ crack jump, millimeters, l'or daplen specimens. only D li. applicable.D.E

Valldity . On or more !ctters In this column indlearea that the specimen did not meet the
validity critoria of E 1221 68 to allow tot the uncertainty in the ocasurement el i
the trace tront, the measured valut-s were increased by 10s before comparing thcs
with the criteria in the standard

1

I

.

e . w [--- s- u,+-, ..-twm.en,,wr---,%-, .m.,-ww- w. %m--,+m 6-e. .re,,-i---w w E% , ..,4 rr e e e--v ==--wwaveem e m*-e--*we'+-+'*ee':---c' v' v''*v 9-*-
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Table A.6. Values measured during crack. arrest testing of
' f rradjaced welchnent 72W and 73W,

Specimen Type 8 V, 7 X, K, A B C D E Validity

A72V06 VE 25 152 90 160 182 67 67 25 15 15 C.D
19 50 40 23 15

A72V09 VE 33 152 90 120 176 48 48 33 34 34

19 28 23 23 14

A72V10 VE 25 152 75 101 155 49 49 25 34 34

19 20 16 23 11

A72V11 VE 25 152 75 133 163 61 61 25 22 22
'

19 35 28 23 12

A72V13 VE 25 152 60 81 130 44 44 25 38 38

19 13 10 23 7,3

A72V14 VE 33 152 100 144 177 62 62 33 22 22

19 41 33 23 14

A72V15 VE 25 152 75 114 177 47 47 25 36 36

19 25 20 23 14

A72V16 VE 25 152 76 102 138 55 55 25 28 28

19 20 16 23 8.5

A72V17 VE 33 152 100 118 168 54 54 33 29 29

19 28 22 22 13

A72V1B VE 25 1$2 90 132 185 57 57 25 26 26

19 34 27 23 16

A72V21 VE 25 76 30 53 98 20 20 25 23 23
9.6 5.2 4.2 23 4

A72V22 VE 25 76 60 62 229 7.1 7.1 25 36 36 A

9.5 7.4 6 23 23

A72V23 VE 25 76 60 74 129 22 22 25 21 21 D

9.5 10 8.3 23 7.3

A72V26 VE 25 76 25 38 81 15 15 25 28 28
9,3 2,5 2 23 2,4

A72V27 VE 25 76 29 61 121 18 18 25 25 25

9.5 7 5.6 23 6.1

A72V29 VE 25 76 60 70 129 21 21 25 22 22

9.6 9.5 7,6 23 7,3

A72V30 VE 25 76 25 43 97 15 15 25 28 28

9.5 3.1 2,5 23 3.5

A72V32 VE 25 76 32 66 105 25 25 25 18 18 D

9,6 8.2 6.5 23 4.6

A73V13 VE 25 152 75 150 168 66 66 25 12 12 C,D

19 41 33 23 12

A73V14 VE 33 152 90 159 325 29 29 33 48 48 B,C

19 46 37 23 44

A73V15 VE 25 152 60 81 125 46 46 25 32 32

19 12 9.4 23 6.3

A73W17 VE 33 152 100

A73V18 VE 25 152 75 131 182 51 51 25 26 26
19 31 25 23 14

A73V21 -VE 25 152 75 107 144 56 54 25 24 24.
19 21 17 23 8.4

A73V23 VE 25 152 90 180 263 45 45 25 32 32 8,C
19 60 48 23 29

A73V26 WE 25 1$2 75 88 115 55 55 25 22 22
19 14 11 23 5.4

A73V31 VE 25 76 29 57 98 22 22 25 21 21 D
9,5 5,7 4,6 23 3.7

A73V33 VE 25 76 60 74 110 27 27 25 16 16 D

9.5 9.7 7,8 23 4,8

A73V34 VE 25 76 29 60 100 22 22 25 21 21 D
| 9,5 6.2 5 23 3.8

, _ .._.-___ _ . ~ _. _ _ _ _ _. _ _ . _ _ _ _ _ _ _ _ _
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inble A.6 (continued)
Specimen Type B V 7 K. K, A B C D E Validity

A73V35 VE 25 76 29 67 99 28 28 25 15 15 D
9.5 7,8 6.2 23 3.7

A73V37 VE 25 76 25 29 171 2.8 2.8 25 40 40 A
9.5 1.4 1.1 23 10

A73V39 VE 25 76 25 41 88 14 14 25 29 29
9.5 2.7 2.2 23 2.7

A73V40 VE 25 76 60 81 121 26 26 25 16 16 0
9.5 12 9.3 23 5.8

A73W41 VE 25 76 60 79 103 31 31 25 12 12 0
9.5 11 9 23 4.2

A73V45 VE 25 152 90 114 158 55 55 25 28 28
19 24 19 23 10

A73VS1 VE 33 152 100 184 274 47 47 33 36 36 B,C -

19 63 50 23 31
. - -

NOTES:
Typet - either VE (weld.embrittled) or DX (duplex)
8. Vi = nominal overall specimen sise, in millimeters, see Fig. 2

7 = test temperacurt in 'C
K. , K, = stress intenalty t' actor er rtack drrest ano at crack initiation,

respectively, in HPa../ .4

The letters A, B, ... E are the letters used in the ASTM E 1221 88 validity catteria. The top
row of numbers are the measured values for each criterion, and those below are the minimums
specified in the standard. The remaining ligament has to fulfill two criteria, and thus the
same value is repeated for A and B. The same is true for the crack jump.

A,8 = length of remaining lignment, millimeters.
C = specimen width, millimeters.

D,E = crack jump, millimeters, For duplex specimens, only D is applicable.

Validity = On or more letters in this column indicates that the specimen did not meet the
validity criteria of E 1221 6. To allow for the uncertainty in the measurement of
the crack front, hte measured values were increased by lot before compating them
with the criteria in the standard.

,

,- _ -- , , . . - . , - , . -- - . . - . - -. .
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Cract arrout diti rheet

Spec. NC.3 / 'd *Testdatet,,j'' ' #!' '' '

** '' Materialirroject: .' *
e *<-

Orientotten: Depth _ _

(NORMAL [/ INVIRTED, (wet,D EMDRITT!.ED / D'.' r LE XPins

I'' 'C 0.2% Yelld Strengths ( /kMiaTest temperatures
(at test temp)

CVH (30 ft-lb)t 'C CVH (1,0 ft-lb): 'C
El 2 * t zn MPa Drop Weight l'DT 'O

EI9-tell fitiC1 Eta llPfnRIGna '

": 9' " - + * * -
i. et.* - 'tv-* j

D.,,_ ./ 2f.2 1 n (1) d'. *M9| t

BN: c 7Ns in (1) ii i ' i

2H I r-e in | | n r t. D
' ','

|
WT: 3. c u in

j U.t tlltit i t s.D , ,

i )ra: 3, / 7Tr.m |
'

*

PS: 15 7:nm l I j
'

s ,.

RT: Z/.4 Trnm

I={\+[ . | ]5 8' 7j [[j- |
TU _ __ // 7 7 7 mm *

|
.

H: //. 9 2mm
, Ol'P L E X u

ir DUrttx n .,

% >

TV X rnm 's, \
D x em (2) *'""HDi g

;
,

.-

(1) Average of 2 measurements ! . ,, i , | |
(2) Diameter of starter holo

'

C, , g_ f** " t
t. w

PODT-TEST

crack facet _ * ^ '

Hessure (W = Aa) at 3 poiQts: s
4/M 3/mm

f (G
at + DN/4 ]',, ,j y,,,,,_
at midline i mm

g . g ,,,,,g,,,_at = BN/4 v /24,9 mm ':3 ? g 6N4N g
'Load / COD chart t

= n milsR.
R. a- n mils

= / 7. o mils 17 l , , , , , , ag >;T
P. g . ,' ni, ,,4...

&.5 mils )$ (, i, i . .,. s., y .fP. =

si.e e., > .r z tr.o Ib '. a.u s.. ?- !P.,. /d4 a lb } :

8 8 , . . . . . . .
,

.|||"|';%A"''.""""**'" '"' *i.,'.
*

. . . . , . . . . .. . .

Fig. A 1. Comparison of values of Young's moduli as calculated
from an American Society of Mechanical Engineers table and an
Electric Power Research Institute expression.

_ . . ._ . _ . . . _ . ,. ._
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APPENDIX B

LISTING OF BASIC COMPUTER CODE CA, TEST

i

,

-- . _ . . _ _ _ _ _ _ _ _
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] Documentation of Computer Code CA TEST

The listing of the computer code CA_ TEST has been included solely
for purposes of QA. It details in a concise inanner the computational

'

details that were perforrned with the crack arrest data. Moreover, the
; teethodology in crack arrest testing is still evolving. The standard test

roethod used in this work, ASTM Test for Determining Plane Strain Crack-
Arrest Tracture Toughness, K ,, of Ferritic Steels (E 1221 88), is in its
first issue and will probably be inodified. It is therefore isoportant

. that the precise details of the algorithms used to calculate K. as well'

as the validity criteria be documented. If crack arrest inethodology does'

change, that data can be re evaluated using the new toethodology.

.

I

d

J

<
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to 1 Tile N An.' of Tills PkOGR AM 15 CA TL57
20 '

30 dim Banner $l40)
40 Bannerl = 'Verimn 3.1 Reviwd Fehrvary 14, 1990)'
50 t
60 t
70 t Till3 PROGP.AM PERFORMS CR ACK ARREST TEST COMPUT ATIONS
60 t
90 !
100 INTEGLR Cple Nrec,Nbytes Niar
110 !
120 t
130 t INITIALIZATION Of VARIABLES
140 !
150 t Data, stored = 0(FALSEI(DEFAULT) data hir specinwn .Jve NOT h=n storW
160 l = I (TRUEl data lot this spuc. haie hva stored previou ly
170 ! This is met in subprogram tend sitvt succcafe input
180 1
190 t For DUPLEX 6pecovens. Tv = nwasured vatus, tal fut |
?OO 1 WELD EMDRITTLED opecinwns Tv = 0 |

|280 !
220 t Yan = Dynamic )wlJ strength erwerment in met et 20$ MPs
230 1 Per ASTM 12218B Pars.
240 !
250 ON ERROR OOTO Error,sub
260 1
270 Yao=205
280 Data stored =0
290 Msual= *:,700.I'
300 PRINTER !$ 1
310 1
320 PRINT * CRACK ARREST CALCULATIONS ' A tlannerl
330 PRINT 'Till$ PROGR AM LOADS DATA PREVIOUSLY STORED ON 3.5" Disk $'
340! WAIT 2
350 1
360 1
370 t * *" * * """" * * Be g i n * * * " *
380 Begtn: !
390 Ml ='Y'
400 |NPUT ' LOAD DATA f ROM DisKETrt? (yin) Y'.M$
410 IF Ml=*Y' TilEN
420 PRINTER 151
430 DISP ' INSERT DATA $0URCE AND PRESS CONTINUE *
440 PAUSE
450 GOSUB Load
460 COTO Print,dta
470 END IF
480 1
490 1
500 1 * * * * * " * * S u rt * * * * * * *
$10 1 Starts data input from Keyburd
$20 5 tart: i
530 PRINTER l$ l
$40 PRINT U$1NO 'C'
550 INPUT ' ENTER SPECIMEN NO,', riles
560 PRINT USINO "'$PECIMEN NO. = ".10A*; File $
570 PRINT
550 INPUT * ENTER TEST TEMPERATURE IN C'.Tp
590 INPUT ' ENTER YlELD STRENGTil AT TEST TEMPERATURE IN MPs'.Ya
600 INPUT ' ENTER TEST DATE IN THE FORM 072989 (6 CllARACTERS M AXi'. Tent,date
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610 PRINT U$1NG '3X," TEST DATE =".1X.6Z'; Tot.date
620 PRINT U$1N0 '"YS = ",10D,2X,9 A.$D.4 A ';Ys,* kips ei'.Tp,'C'
630 INPUT * ENTER E IN MPa*,E
640 PRINT USINO "*E = ",100 .2X,4 A'.E.'hlPa *
630 PRINT
660 INPUT ' ENTER B IN INCilES'.B
670 FRINT U$1NO '"B = ",3D.3D,2X.4 A*.0.*meh'
680 INPUT ' ENTER BN IN INCllES*,Dn
690 PRINT U$1NO '"BN = ').3 D,2 X.4 A*.Bn,* mth'
700 INPUT ' ENTER 211 Ik' . h t '$',Il
710 PRINT U$1NG " tr.3D,2X.4 A';ll.* inch'-

720 INPUT ' ENTER % MS*,We-

130 PRINT U$1NO '"% 3D.3D,2X.4 A*;WI,*mch'
740 PRINT
730 INPLTI ' ENTER PR IN mm*,Pt
760 PRINT U$1NO '"PR = ",3D.2D.3X 4 A',Pr,'mm *
770 INPUT ' ENTER R$ IN mm',Rs
780 PRINT U$1NO "'R$ = ",3D,2D,3X.4 A';Rn,'mm *
790 INPUT * ENTER RT IN mm',Rt
600 PRINT U$1NO "*RT = ",3D.7D,3X,4 A*,Rt,'mm *
810 INPUT ' ENTER TU IN mm',Tu
820 PRINT U$1NG '"TU = ",3D.2D,3X,4 A*;Tu.*tum *
830 PklNT
840 INPUT * ENTER N IN mm',N
850 PRINT U$1NG '"N = ",3D.2D,3X,4 A*;N,*mm *
sto |,

870 INPUT * ENTER TV IN mm. Iai 0 for WELD EktBRITTLED !!!)',Tv
_ $40 PRINT USINO */ K.3D 20,2X.2A';*TV = *,Tv,' tnm'

N90 1
900 1 ** Corew 0 "",

910 Coe ec,0. I

920 Cs $ * * Y'
930 IN 'UT ' CORRECTIONS 7 (Y/N) Y',Cnel
940 IF JPC1(Cor$)='Y' TilEN 00T0 $ tart
950 1
9(41
970 $tas i1 = 'Y'
980 WP JT *$ TORE DATA ON Di$KETTE? (Y/N) Y',$1 orc $

990 IP L PC1($turelP'Y' TilEN 005UB Store
1000 1
1010 1
1020 !
1030 I "* Prmt dia """
1040 Pnnt dta: 1
10501 Pnnis input data of required
1060 GOSUB Hardenpy -
1070 !
1080 1

. I(90 i READ LADEL Lalwil FROM Moust
|I00 1
1110 1
(120 00$UB Spwinwn
1130 1
1840-I
1130 PRINT U$lNO */ 9X,"YlELD $TRENCTil = ",5D.lX,3 AJ' Yn.*MPs*
1160 PRINT U$1NO '8X."YOUNO'$ MODULUS = " 7D,1X.3A>';E,*MPa'
1870 PRINT U$1NG "* INCR, TO YlELD (DYN)(Ym) = "..lD,1X,3 A';Ym,*MPv'
1180 1-
1190 f
1200 PRINT U$1NO '/," Pre int specimen dinenmon menureriwnts'"
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1210 l
1220 1

" .3D.3D.2X,4 A',B,*inc h*1230 PRINT U$1NO '/.9X,"B =

1240 PRINT U$1NO '9X,"8N = ",3D.3D,2X 4 A'.Dn.'arwh'
1250 PRINT U$1NO '9X,"2H = ",3D.3D,2X 4 A*,ll,'ineh'

* * 3D.3D.2X,4 A';Wt.*in6h'1260 PRINT U$1NO '9X,"wT = ,

1270 PRINT
1280 PRINT USING '9X,"PR = ".3 D.2D,2X,4 A',Pr,'mm'

",3 D.2 0.2 X .4 A', R s.' mm*1290 PRINT U$!NO '9X,"R$ =

1300 PRINT U$1NO '9X,"RT = ",3D.2 D,2X.4 A',RL,'mm'
",3D 20.2X 4 A';Tu,'mm'1310 PRINT USING '9X,"TU w

1320 PRINT U$lNO '9X,"N = ",3D 2D,2X,7 A D 6D.2 A',N,'mm*
1330 1

i
1340 PRINT USINO 't,9X,K,3D.2D,2X.2 A';'TV = ' ,T v ,* mm'

I
1350 1'

|1360 I
1370 PRINT U$1NO '/ " Pre ted spcomen dimenunn telculationi"' |

1380 1
1390 W Wt*2$ 4.(Rs+ RtF2
1400 Ao=Tu +(Rt.RiF2
1410 R0= AnM
1420 1
1430 PRINT USING '/,9X."W = ",4 X.60.2 D,2X.2 A';W,'mm*
1440 PRINT U$1NO '9X," Ao = ",4X,60.2D,2X 2 A'; An,'mm'
1450 PRINT U$1N0 *9X," Ao!w = ".4 X,D 3D',Rn
1460 1
1470 1
1480 Foow a(2.24*(1,72 ,9*Ro+ Rp*2)*(I Ro1*.$)/(9.85.17'Rn + 1l'Rn*2)
1490 PRINT U$1N0 '9X,"F( An/W) = ",4X,D.4D';f'anw
1500 1
1510 F f = Pr + (Rt + P.sF2
1520 F(overw= Ff/W
1$30 PRINT U$lNO '/,9X," Clip gare is located at (FF/WI =",4X,0.2D';f'foverw
1540 l
1530 Ffow cor=.25.

1360 IF (Ffoverw >.98'ifowjor) AND (Ffoverw < l.02*Ffow torlTilEN.

1570 0070 Proceed .
1580 ELSE
1590 PRINT ' WARNING t!! Do tw pureod to test this epocimen'
1600 PRINT ' Check input data, particularly PR, R$, and RT'
1610 PRINT 'Chp gage location bhtka are NOT locatal at FF/W = 0.25 !*
1620 Di$P ' INCORRECT (FF/W)t IF POS$lBLE CORRECT DATA BEFORE PROCEEDINC'

*

1630 Quel = 'Y'
1640 INPUT 'D0 YDU W ANT TO CORRECT INPUT D AT A7 (YIN) Y', Quel

1650 IF UPC$(Qurt)= 'Y' THEN 0070 $ tart
1660 Quel e 'Y'
1670 INPUT 'Do you want to QUIT now I (Y/N) Y', Quel
1680 IF UPC$(Quel)='Y' THEN 0070 Fmish
1690 ENDIF
1700'l
1710 1
1720 Proeml: 1
1730 IF Tv< >0THEN
1740 Ehcl=(Rt Ray 2 + Tv
1750 PRINT U$1NO */,9X,"EBCL= ".10X,4D.2D.4 A':Ebcl,' mm*
1760 END IF
1770 l
1750 1~
1790 PRINT U$1NC */,K,f';' Pre not kudmg takulations'
1800 1
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4

1810 I I ert in in nuli. W is in nim
1B20 f act-l.L + 39Ya*W/25.4$lin'in'.5F(E*Foom s
1810 Deltaamis. 69'l ed

,

| Il40 1
1830 Num_cytles= to
1860 IF Tv < > 0 Till N
1870 Num.cycla - l
lito PRINT U$lNO */,K I';*This se a DUPLLX nlwinwn, iuily one bia.hrig s pie
g.
1890 LND (F
1900 f OR Cystee l TO Num cycles
1910 Del nat=(l + .25*(Cysle lip *Dritannet
1920 l
1930 1100 nuls = 10 volta
1940 Volta = ,1* Del net
1930 PRINT U$1NO 'llX."1 OR CYCLL No. ",$D." nanimum COD = ",SD.0," m
sis".15D.2D " Volts'"; Cycle.Dvl man,Vulta
1960 NEXT Cycle
1970 Deltaonat e l.$' Feet
1980 l
1990 || Tv = 0 TilLN PRINT U$1NO '/,IlX,"Prohobie nutamum COD 1,it uwtul roulv
* 5D.D," Mels*";Deltamma

.

20'JO 1

2010 Corl= *Y'
2020 INPin 'D0 YOU WANT TO M AKE CORRECTIONS IN Tile $10RI:D DATA? (YlN) Y',C.ul
2030 IF Corl= 'Y' THEN 00TO $ tart
2040 1
20$0 Print 5 ='Y'
2060 INPUT 'Do YOU WANT TO PRINT OUT DATA (SCRri.NiPRINTER)1(YlN) Y*,Prmal
2070 IF UPCS(Printl)='Y' TilEN COTO Pnnt,dta
2030 1
2090 Pic5 = 'Y'
2l00 INPUT 'Do YOU WANT To DO Post TEST CALCULATION $? (YIN) Y',Ptst

2110 IF UPC$(Pict)= *Y' TilLN Pmt.hak
2120 00$UD liardcopy
2130 Qwl='Y'
2140 INPUT 'DO YOU WANT TO DO MORE PRE 70$1 CALCULAtt0N5? (Y/N) Y',Qwl
2150 IF UPCl(Qw1)= *Y' TilLN llegm
2160 Qwl = 'N'
2170 INPUT 'D0 YOU WANT TO $70RE Tile DATA (YlN) N',Qwl
2180 IF UPCl(Qwl)= *Y' TilLN 00S00 $ tore
2190 QuS ='Y'
2200 INPUT 'Do YOU WANT TO Do MORL7 (YIN) Y',Qwl
2210 IF UPC1(Qwl)='Y' TilEN GOTO Incem
2220 00TO Fimsli '

2230 $ TOP
2240 1
2250 1
2260 1 "**" Pod,t$ak "''

2270 Post _ksic !
2280 PRINTER l$ 1
22901 Check if only pre ted data wse stored. lius no pi+ted data
2300 P>tadtal = 'Y*
2310 INPUT 'llA$ POST TEST DATA l~0R Tills TEST llLLN PREVIOUSLY $10 RED? (Y!Ni Y',P
stuital
2320 IF UPC1(Pitaltal)= 'Y' Till N
23.10 l
23401 CODS have horn stored m m&s, laissalue variahtoi kl,RLP4 & PS
2330 i for pnniing at m nuts.
2360 1

__ _ _ - _ _ . _ . .
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2310 Rl = lkitarabl*l L + 3
23k0 k.1 = S&ltap*l L * 3a

'

23M P4 * Ikitau'l L + 3
2400 PS * LAleu*l.E + )
2480 0010 Pr.di42

,
2420 t ND IF

i 2430 1
2440 1 * *** Curew I ""

2430 l Pet.tsat data input Irom keylmurd
,

2460 Cavrec_It f
2470 INPUT 'LNTTR W.As AT + DN/4 IN mm',Want
2480 PRINT USINO "' W Aa AT + ltN>4 a ",4X,3D 2D,2X.4 A';Wa.e,*enm *
2490 INPUT ' ENTER W Aa AT MIDLINE IN mm',Waam
2300 PRINT U$1NO "' W Aa AT MIDLINE ,4 X,30.2D,2X.4 A'.Wum,'mm *"=

2310 INPLfT 'LNTER W Aa AT -lIN/4 IN mm',Wah
2320 PRINT U$1NO '" W Aa AT DN/4 = " 4X,3D.2D.2X,4 A';Wub,*enm *

,

2330 PRINT
2540 PRINT
2330 INPUT ' ENTER Pl IN eruta*,RI

'2360 PRINT USINO '"Rl = ".2 X,4D D," miln*",R I
2370 INPlTT 'ENTLR R3 |N mila',R3
2350 PRINT U$lNO '"R3 = ".2X.4D D " nuli*";R3

2590 INPUT 'LNTER P4 IN nuin',P4
2600 PRINT U$1NG "'P4 = ",2X,4D D," mds'".P4
2610 INPUT *ENTLR P3 |N reutn*,PS

*
2620 PRINT UslNG '"P5 = ".2X.4D.D " nuin"',PS
2630 PRINT

1 2640 INPUT * ENTER Pnus IN pounds',Pman
,

| 2630 PRINT U$lNO '" Pmat = ",4X,6D,2X 4 A*;Pnus,% *
| 2660 INPUT '0NTF. R Pmia IN pounds'.Pmm

2670 PRINT USINO '" Pnun = ",4 X,1.D,2 X,4 A'.Perun,'th '
2640 Ctw $ = ' Y'
2690 INPUT 'CORREcriON$7 (Y/N) Y' cor$

,

2700 IF Corl='Y' TilLNi

I 2710 PRINT U5tNO 'C'
i- 2720 COTO Corroc,1

2730 LND ID
2740 1

|
2750 t
2760 l l'or compatibildy unh previous dsta shwed on d4euen,0003,

i - 2770 l are stored in inches
I 2780 Ocitap6hI= R1*l.E 1

i . 2790 $deltaP= R3*l.E 3
2500 thitaa = P4 *l,E.)
2810 Deltas = PS*l.L.)

|
2 20 i *

. 2830 1
2840 stor:l='Y'
2830 INPUT *$ TORI: DATA ON DISKETTC!(YIN) Y',bre!
2860 if Stores *Y' TifEN 005UD 5 tore

1 2870 i
| 2880 1-. ""* Pr du2 ""

2890 Pr,dia2: - !
i

2900 00$UD llarkopy
! 2910 l

|. 2920 GOSUB Spaimen :
- 2930 1
2940 1
2950 PRINT USINO 'I," Post seat cred arrent nwasurenwnts"*
2960 PRINT USING */,9X."W Aa AT + RN/4 4X,3DJD " mrn'",Waat"=

,

l.
I
1

4
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2970 PRINT U$1NO '9X,"W Aa AT MIDLINE * ".4X,3D 3D." men"';Wwim'

2980 PRINT U$1NO '9X,"W Aa AT liN/4 " 4X.3D.3D," mm"*;Ws.b=

2090 1
3Nio 1
3010 PRINT U$1NO 't,9X," bro land disp. offwt at end of tys6e 1 4 RI) ='

] ' 4D D." nula"',Rl,

3020 PRINT U$1NO '9X,"Tutal dier of fwt at end of tyle n 1 (R3) = ",
y 4D D." truta"' Al
| 3010 PRINT U$lNO '9X." Displacement at emnet of uninable cruk growth (P4) = **,
' 4D D " nula'";P4

440 PRINT 051NO '9X,"Displacenwns appron. .I a after arrut I PS ) = ",
i 4D D " nula"' P3
'

3050 t
3060 t
3070 PRINT U$1NO '/,9X,"Pnaa =",tD,2X,3 A',ppen,.th.*
3080 PRINT U$1N0 ' 9X,"Pmin * " 6D,2X,3 A*,Pmin.*lhe '
3090 Rp=(Paas Pmie)/Past
3100 PRINT USING '9X,"(Pnma Pmini'Pnva =".5D.20',Rp
3110 if Rp>.3 TilEN
3120 PRINT U$1NO '9X,"L=d dror guidelme nwi"'
3130 El.$E
3140 PRINT '"*"***" bad drop guideline NOT nwt"*"*"""*"+"**
3150 END tr
3160 1
3170 l
3180 1
3190 PRINT U$1NG '/," Post test cruk arrent calculationn'"

1200 1
3210 W na avg =(Wom + Wut + Wubv3

_

3220 PRINT USING '/,9X," Length of remaining hganwnt W. Aa(average) = ",4D.D."
nim"*;W as,, avg,,

3230 1
3240 f Aa = arrested cinek length per ASTM Paraft. 8 6
3250 As W W aa svg

,

3260 Crakjmp= Aa Ao
1270 PRINT U$1NO */,9X,"Craek jump As Au",24X," ",4D.D,1X.2A*,Cratmp,'m
m'
3280 !-
3290 1
3300 | Do and De are ' net' CODS per ASTM (m m)
3310 Do=(Deltaa $deltap)*254 1.E 3
33201 For duples specimens, thern la only one unined cycle
3330 I $ Do!Lapabi (RI)la equi to $dsitar (R3)
3340 1
3330 Da=.S*(Deltao+ Deltaa Deltapabi,$Jaltap)*23.4*l.E.3
3360 Rf= AatW
3370 ref* =(2.24*(1.72 9'Rf 4 Rf*2)*(1 RO*.5Ft9.65 ,13*kt + ll'MI'2)
3360 Fu = E*(Bt(Bn*W'.001))*.5
3300 Ko=Do*Faow*Fac
3400 Kf= Da'fafw*rne
3410 1
3420 !
3430 PRINT U51NO '/,9X,"Not COD at initiation per ASTM =",2X.lD,3DE " m"';D
o

,

3440 PRINT U51NO '9X,"Not COD at strut per ASTM = ",2X,10.3DE," m'",Da!

3430 !
3460 1
34?C PRINT U$1NO '/,9X," Arruted cruk length ( Aa) = ",$ D.D," rnm
'";As

1480 PRINT USINO '9X," fractional struted track length (Aa/w) =",4X,D.3D*;Rf
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3490 PRINT U51NO '9X,"Geonwiry factor f( Aa/W) = ",4 X ,D.4 D';I^af
W

3$00 1
3510 ?
3 520 PRINT USINC 't.9X,""""*"*""** **"""*""'
3530 PRINT U$1NO '4X,"* " "Ko = ",$ D," M Ps.m'O.$ "," **";Ko,

3540 PRINT USING '9X,"* " "Ka = ",$D " M Ps m*0.5"," ''**;Kf,

35D PR INT U$1NO 9 X," ** "*""*""*"""******" *

3560 1
3570 1
3580 1 VALIDITY CRITERI A
)$90 i '

3600 1
3610 WD15 =.13*W
3620 Liga ba l.25*lN0*(Kf/(Ys+ Yno))*2
3630 Lige_c = 1000HKf/(Ys & Yso))*2
M10 Nvshd =2*N
3650 Mmjmp= tow *(l'.o/Ysi'21(2*PI)
3660 1
3670 1
3680 PRINT USINO */,1X,'4 ALIDITY CRITERIA PER ASTM 122188 PAR A. 9.3"'
3690 PklNT USINO 'll,40X," ACTUAL VALUC5",40X," ASTM CRITERIA MINIMUMS"'
3700 1
3710 1 - -- ------ - -a---'----------- ---- ---

3720 t * REM AINthO LIGAMENT CRITERI A 'A' & *B' PER ASTM *

3730 1 *bbhbbbhbbbthbehhhbbhbbhbhu bhbhbbhbbhbbhbbhbhhhhb6h hh
3740 1
3750 PRINT USINO */,1X,"bngth of remaming ligament (W As) ~ ,LD.D,1X,4A,#
*;W as,avy,'mm'

_

3760 PRINT USIN0 *l L" Remaining ngament (0.15W)",17X," " 40.D,1X.2A';WO15,

,' nun *

3770 IP W na, avg > W0l5 TilEN,

3780 PRINT USING 'lX,K';'REMalNING LIGAMENT CRITERlON "/," ME f*
3790 [LSE
3800 PRINT **" REM Al'ilNO LIGAMENT CAITE.".lON " A" NOT MET *"'
3810 END IF
3820 1

3830 PRINT USING */,1X,'' length of remammg liganwm (W Aal =",4D.D,1X 4 A,#
*;W as, avg,*mm'

_

3840 PRINT USING *l5X,"Remammg ligament I.25*iKal(Y5 + YSoll'2 = ",4 D.D,1 X ,
4 A *;Ligs_b,* mm'
3850 IF W aa, avg > Lige_b TilEN
3860 PRINT USINO 'lX,K';'RF,MAINING LIGAMENT CRITERION "B" MET *
3870 ELSE
3880 PRINT **" REM AINING l.lGAMENT LRITERlON "B" NOT MET""
.3890 END 1P
3900 1
3910 1
3920 1
3930 1 ccccccccccccneccccccccccccccc
M40 I c THICKNE35 CRITERlON (C) c
h30 1- ceccecccccccccccccenecccccccc
39(O I -
3970 Bnun = B'23.4
3990 PRINT USING */,1X ,"Sperun:n width D =",3D.3D," whes",6X," =",4D.D.*
* rcM*,#'all,Bmm
3M PRINT USING 't7X," Specimen wWm |Kv(YS + Y$ oil *2",12X," =",4D.D." mm'
";Lign c
4000 IF Smi,a)Lig(c TitriN
4010 PRINT USINO 'llX,K';*TillCKNES$ CRITERlON "C" MET'
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4020 E1.50
4030 PR!NT **"TiliCKNE$$ CRITERION "C" NOT MET ****
4040 END IF
4050 1
4060 l
4070 1
4080 ! JJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJJ
40M 1 J Crack jump length entena (Dj and ([) d
4100 ! e.aw_,_-, mwemwmmm
4110 f
4f20 1
4130 1
4140 1
4:50 1
4160 IF Tv = 3 TilEN
4870 PRINT USING */,1X," Crack jump A4 Au" 20X,"4 ".lX,3D.D.1X,2AJ';Cra
kjmp,*mm* |

4180 PRlh7 U$1NO *17X," ASTM 2N",36X," ",3D.D,1X,2 A*;Nsali,' 'mm* '

4190 IF Crakymp > Nvalid TliCN
4700 PRINT USING *llX,K';* WELD EMBRITTLED $PLC. CRACK JUMP l.ENGTil CRITLRI
ON "D" MET *
4210 ELSE
4220 PRIN'T **" WELD EMBRITTLED SPEC. CRACK JUMP.LENGTil CRITERlON "D** NO
T MET""
4230 E* D IF
4240 1
4250 !
4260 PRINT USING */,1X," Crack jump Aa Ao",20X," ",1X,3D.D.lX.2A,4*,Cr4
kjmp,*mm*
4270 PRINT USINO 'l?X," Min. crack ivmp (Ku/Ys)*2/2Pl" 12X," o ".3D.D.lX,
2 A *:M mimp,* mm*

IF Crak mp > Mmimp TilEN4280 i
4290 PRINT USINO *1X,K';* WELD EMBRI1TLED SPLC, CRACK JUMP LLNG 11 CRITERIO
f4 "E" M ET*
430t) ELSE
4310 PRINT **** CRACK. JUMP LENGTil CRITERION "L" NOT MET *"*
4320 ENDIF 1

4130 t
4340 ELSE ? DUPLEX SPECIMEN CRITERlON 'O' t *E'
4350 I
4360 ! ('D' & *E' ARE REPLACED WITil A $1NGLE ONE)
4370 bpnimp= Aa Ebcl
4150 PRINT U5tNO */,1X," Crack jump N yond EB wvlJ (Aa EBCL) =",1X,3D.D,2
X,4 A,# *;Dptimp,* mm*
4390 l

- 4800 !
4410 Bruran = Bn*25.4
4420 PRINT USING *14X,"Spaimen wiJih at nokh (Bnl = **,0.3D," irkhes = "
3D D," rnm"*;Bn,Bnmm

4430 IF Drymp> Bnmm TilEN
4440 PRINT * DUPLEX SPECIMEN CRACK JUMP CRITERION "D" + "C" MET *
4450 ELSE
4460 PRINT ""* DUPLEX SPEC CRACK JUMP CRITER10N "D" + 'E" NOT MET *"

'4470 END IF
4480 END IF
4490 1 END OF CRITERIA *D' & *E' DETERMINATIONS
420-!
4510 1
4520 Cort *Y'

.
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4510 INPUT 'DO YOU WANT TO CORRLCT POST TL5T D AT A (Y!N) Y', Coin
4540 IF UPC1(Curl)='Y' TilEN
4550 PRINTER 151
4560 GOTO Corr,c,1
4570 LND IF
4580 Quesla'Y'
4590 INPUT 'DO YOU WANT TO DO MORE (yin) Y',Quoi
4600 IF UPC5(Quot).*Y' TilEN begin
4610 GOTO Fim.h
4620 t
4610 1
4640 t ""** 5 tore "*""*
4650 5 tors: I
4660 !ON LRROR GOSUB Error
4670 DISP 'lN$ERT INITIALIZED AND LABELLED DISC 8N DRIVE AND PRL55 CONTINUI."
4680 PAUSE
4690 1
4700 READ LADEL Labell FROM Msusl
4710 1
4720 1
4730 ! Data _ stored = 1 (TRUE)if data bas lwn pieviously stored.
4740 ON ERROR GOTO 4770 !""m**m**aamaaaaamaa"""a
4750 if Data _ stored TllEN PURGE Falc1&Maus$
4760 GOTO 4 810 !"m"""*"*""*** *"mm""""""* *""m
4770 IF (ERRN = 56) TilEN GOTO 4810 !NO PROHLEM !"*"****"an+**"a
4780 00TO Error suh taa"""*"a""nauwam+.m.o++muum
4790 1
4800 ! There are 26 vanables. Round up to 30
48l0 Nrec = 1
4820 Near= 30
4830 Nbytes= 8'Nvar
4840 CREATE BDAT File 5&Maus$,Nrve,Nbytes
4850 ASSIGN CPath TO File $1Maust; FORM AT OFF
4860 1

4870 t Note: Bmet,llmet,Winwt, and Wn are not uwd, but for compat4bdity
4880 I with previously wmten nutput, its location is rewrved.
4890 ! It can tie uwd for other purpows.
4900 t following line is one uwd to date duly B,1989)
49101 OUTPUT CPath; Filet,Ya,Tp,E,B.Brret un,il,ilnwt.Wt,Winwt,Wn.Pr,Rn,Rt,Tu,Tv N
,Waam,Waat Wa4h.Ddtapabl,$deltap,Deltao,Deltu,Pnux,Pmm
4920 OUTPUT CPath;Fik5,Ys,Tp,E B. Tot ,date,Bn II,llowt,Wi,Wimei,Wn Pr,R$,Rt,Tu,T
v,N,Waam,Waat Waab,Deltapshi,Sdeltap,Deltao,Deltu,Pnux,Pmin
4930 ASSIGN Crath TO *
4940 Data stored =1
4950 DISP ' DATA STORAGE $UCCESSFUL'
4960 WAIT 1
4970 DISP ' '
4980 RETURN
4990 1
5000 t "mma load u m u
5010 Load:t
5020 1
5030 !
5040 INPUT ' SPECIMEN NO.',Filc5
5050 READ LABEL l.abell FROM Msus$
5060 1
5070 ASSIGN CPathi TO filc5&Mwnl, FORM AT OFF
5080 i Bmet, limet Winwt, & Wn in no longer uwd. but location is kept for com
patabihty
5090 t See comment m Store mutine

|
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5100 READ LABEL tabell rROM Maus$
Sil0 LNTER CPathlit dca,Y .Tp,E,0.Tesi_date.lin.lf,Ilnwt,Wi,Winwi,% n.Pr,k Ri,Tu,T
v,N.Waam.Want. Wash.Deltapshi SJeltap,Deltao.Deltaa.Pman,Pmen
$120 ASSION creihi TO +
$130 t if dau anput from storers was succeoful, then dau is actually
5140 f there. Inetalise Datajaored - I (TRUE)

.

5150 Data,swed = 1
5160 DI5P * DATA LOAS FROM Dl1K *1M ud&' 'AlatwliA' SUCCES$fUL'
5170 WAt f 3
5180 RETURN
5190 t
$200 f **"* Adv ance "*"

5210 Advance: 1
5220 P$ = *N'
$230 INPUT ' ADVANCE PAPER 7 (Y/N) N'.P1
5240 IF UPCl(P5)= *Y' TIIEN PRPIT USINO 'C'
5250 RLTURN
5260 1
5270 1-
5280 1 ""* liardmriy ""*
5290 Hardcopy: 1
5300 H$ ='N'
5310 INPLTT 'NEED l{ ARDCOPY7 (YlN) N*,lli
5320 IF UPC1(lll)= *Y' TilEN
5330 PRINTER IS 9
5540 005U9 Advance
5350 PRINT USING 'K,2X.K,3X,K,2X K';' CRACK ARREST COk , JTER CODE CA_TES r "104
nnerl,*Tinw of this run: *, DATES (TIMEDATE),TIMEl(TIMEDATE)
5360 ELSE.
5370 PRINTER 15 |
5380 END IF
5390 RETURN
5400 t
5410 ? "" Errorjuh ""
5420 Error _sub: I
$450 PRINT ERRMI
5440 PRINT 'POS$1BLE INPUT DATA ERROR: CilECK INPUT *
5450 DISP 'llrr CONTINUE'
5460 PAUSE
5470 00T0 Be8in-

- 5480 1
5490 t "** Specinwn *"*
5500 Spaimen: 1
5510 PRINT USINO 'U,1X.** SPECIMEN NO. ",7 A,#',Fdst
5520 IF Tv< do TilEN
5530 PRINT USINO "* (DUPLEX)",#*
5540 ELSli
5550 PRINT USINO "* (WELD EMBRITTLED)",#'
5560 END IF
$570 I
$580 t
5590 PRINT USINO '9X," TEST TEMPERATURE =",4D,1X,A #';Tp,'C'
5600 PRINT USINO '3X,K #';' from disk ' Alakil
5610. PRINT USINO '3X," TEST DATE =".1X,6Z'; Tot _date
562^ RETURN
5630 t
$640 t "" Dps,w e ""
5650 ! Dpt we: ! This subprogam pnnis out whether specimen
5660 .! is a duples or weld <mhnitted type and value of Tv
5670 ! Note that Tv is set equal to zero for weldsmbntiled

i

|
|



.- . , . - .--- _. _-- -

-

75

5680 1.scocinwns, sad in the measurcal ulue for duptva spacinwns
5690! IP Draspm1=*Y' TilEN
5700! PRINT U$1NO */,"This is a DUPLEX opacinwn*"
5710! ELSE
$720! PRINT UstNO */ K';'This is a WELD EMBRITTLED specinwn and TV in wt = 0
by program'
5730! END IF
5740! PRINT USING '/,9X,K.5D.2D,2X,2A*;'Tv * ,7v , * mm'

5750! RETURN
$760 1
5770 t "" Fmish "**
$780 Finish: ! End of Program
5790 PRINTER l$ 1
5800 DISP ' Crack arrest program endsd*
5810 STOP
$820 END
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Young's modulus is used to calculate the stress intensity factors
K, and K., both of which are directly prcportional to the value of E used
(see Eq. (C.1)). -Young's modulus together with the yield strength are
used to calculate the load increment for the loading and unloading cycles

" for veld.embrittled type specimens as well as the validity criteria.

The Young's modulus used to evaluate both unirradiated and
irradiated crack arrest data is calculated from the following expression
[1):

E - 207.2 0.0571T , (C.1)

where E Young's modulus in CPa, and T temperature in 'C.- -

Reference [1] in turn cites Subsection NB 2300, ASME Boller and Pressure
Vessel Code, Sect. III. The current version of NB 2300 does not give
this equation, so it is of interest to compare it with values in the

recent edition of the ASME Code [2]. Figure C.1 and Table C.1 compare
Young's modulus calculated at the tabular temperatures given in the
American Society of Mechanical Engineers Code. In the temperature range
used for testing both the unirradiated and irradiated crack arrest
specimens, -75 to 100'C, Eq. (C.1) gives values that are about 2% higher
than those in Ref. [2), It is planned to measure Young's modulus for the
weldments and reat,alyze the crack arrest data.

Table C.1. Comparison of Young's modulus calculated
using values given in the ASME Code and

Eq. (C.1)

Temperature Young's modulus (CPa) % Difference
(*C) [(E A)/A)

ASME (A) EPRI (E)

-198 216.5 218.5 1
-129 212.4 214.6 1
-73 208.2 211.4 2
21 203.4 206.0 1
93 198.6 201.9 2

149 195.1 198.7 2
204 191.0 195.5 2
260 188.2 192.6 2
316 184.1 189,2 3
371 175.8 186.0 6
427 166.9 182.9 10

NOTE:

| ASME - American Society of Mechanical Engineers
'

EPRI - Electric Power Research Institute

|
|
1

-
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CRACK ARREST COMPUTER CODE CA, TEST Yeruon 5.1 Rmmt february 14, 1990) Tinwniq:3cm 12 Sep 1990 16 02.41

SPECIMEN NO A72W48 (WELD EMiiRITTLED TEST TEMPERATURE = 30 C lium di k CAN01 TEST DATE = ao

YlELD STRENOTl! = 539 MPs YOUNO'$ MODUINS = 208900 MPs INCR TO YlELD (DYN1(Ynn) = 205 MPs

Pre int specinwn climenuon nwanuterwnts

u 1.000 inch=

.743 trwhBN =

5 999 mch211 =

%T 6 000 inch=

PR 6.35 mm=

R$ 10,69 mm=

RT 40 55 mm=

TU 28.33 mm=

N i t.38 mm=

TV 0 00 mm=

Pre-test spcunwn dimension taiculations

126 ?8 mmW =

43.27 mmAo =

.341Ao/w =

f(Ao/W) = 2511

Chp gage is Imated at (I i /W) = .25

Pre tut loadmg calculatums

FOR CYCLE No. = 1. numimum COD = 30.5 mils 105 volts
FOR CYCLE Na = 2, nanimum COD = 38.1 mits 181 Volis
FOR CYCLE No. = 3, nwaimum COD = 45 8 mils 4 58 Vnits
FOR CYCLE No, = 4, nunimum COD = $3 4 mils 5.34 Vnits
FOR CYCLE No. = 5, natimum COD = 61,0 mils 6. l0 Volts
TOR CYCLE No. = 6. maximum COD - 68.6 mits 6 86 Vohs
FOR CYCLE No. = 7, nuumum COD = 761 mits 7,63 volts
FOR CYCLE No = 8, nwumum COD = B19 mils 8.39 Vnits
FOR CYCLE No, = 9, nwnimum COD = 91.5 mils 9.15 Volts
FOR CYCLE No. = 10, naumum COD = 99.1 mils 9 91 Volti

Probable maumum COD for useful results 66.3 Mils

______________ _ __ _____________
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- CRAN ARREST COMPtTTER CODE CA, TEST Verwm 5.1 Revwd February 14. 1990) Tinw of this run: 12 Sep 1990 16.03:09

,PECIMEN NO. A72W48 (WELD EMBRITTLED) TEST TEMPERATURE = .30 C from dnL CAN01 TEST DATE = woo

Post test (f ack arrest nwuurements

35.192 mmW.Aa AT + BN/4 =

W.As AT hilDLINE 34.573 mrr.=
,

W.Aa AT lIN/4 33.037 mm=

Zero load disp, offset at end of cycle 1 (RI) = 1.5 nuts
Total dop. offset at end of cycle n 1 (R3)= 3.0 nuls
Dtylacement at onset of unstable erack growth (P4) = 47.8 nuls
Displacement appros. . I a after arreat (P5) = $1.4 nuls

Pmat = 12000 the
Fmin = 750 lba !

(Pma.t Paunl/Pmat .94=

Loed drop guidehne met

Postatst treek arrest calculations

Length of remaming liganwns W A4(averige) = 34.3 mm

Crack jump Aa. Ao = 49.2 mm

Net COD at imtiation par ASTM = 1.138E.03 m
Net COD at arrest per ASTM = 1.203E-03 m

Arrested creek length (A4) 92.5 mm=

Fractional arrested crack length (A4/w) = .730
Ovometry factor F(AaM) .1193=

...........................

* Ko = 194 MPs.m'0.5 *
* Ka = 98 MPs.m*0.5 *
...........................

VALIDITY CRITERIA PER ASTM 122188. PARA. 93 -

ACTUAL. V ALUES ASTM CRITERI A MINIMUMS

(ength of re. naming hgament (W Aa) = 34.3 mm Renwnmg hgament (0.15W) 19.0 mm=

REMAININO LIOAMENT CRITERION 'A' MET
.

'

Length of remaimng hgament (W Aa) = 3 8.3 mm Renwamg hganwns I.25'lKa/(YS & Y%))'2 21.5 mma

REMAINING LIGAMENT CRITERlON 'B' MET

Specimen width B = 1.000 inches 25.4 mm Specimen width |Ka!(YS & YSoll'2 17.2 mma =

TillCKNESS CRITERION 'C' MET

Crack jump Aa Ao = 49.2 mm ASTM 2N = 22.8 mm
WELD EMBRITTLED SPEC. CRACK JUMP LENOTil CRITERION *D' MET

Crack jump A4 Ao- = 49.2 mm Mm. crack jums' (Ko/YS)*2/2P1 = 20.7 mm
WELD EMBRITTLED SPEC, CRACK JUMP LENGTil CRITERION 'E' MET

. .- - _ _ _ _ _ _ _ _ _
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. CRACK ARRL3T COMPutt.R CODE CA Trsi verwm s.1 Rotwdivhruary 14.1990) .1:nw of this run: 12 Ser 1990 16 06 07 .

g

SPECIMEN NO. A72W57 (DUPLEX) TI:ST TEMPERATURL = 21 C isum did CAN02 TEST DATE = not0
,

YlELD STRENGTil = 496 MPs YOUNG'$ MODULUS * 206100 M Ps INCR. TO Yll:LD tl)YN)(Yan) = 203 MPs

Prv. tent specinwn dimennum nweiurements

B:= 1,298 inch
DN = 976 inch
2lt 6 A10 in a=

%T = 6 000 th.h

= - 6.35 mmPR

0.40 mmR$ =

RT = 41.13 mm
TV 27.07 mm=

N 1.41 mm=

42.66 mmTV =

Pre test specinwn dinennion calculations

W = 127.14 mm

_42.94 mm
'

Ao - =
_

_.318Ao/w =
f( Ao/W) = .2525

Chp gage is located at (I f/W) = .25

CDCL= 58 $3 mm -,

Pre test loading taleulatuins

This is a DUPLEX spaimen, only one hwding cple ner&d

- FOR CYCLE No. = .1, r?sumum COD - 214.5 nuts 2.85 Volts

,.

.q w y gn-+=w& -my gw+--- q-y+o p y-g ,m,m r,-4 - n a m - e m H
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CRACK ARREST COMPUTER CODE CA, TEST Verimn 5.1 Revined Fahrvary 14,19901 Tinw of this run: 12 Sep 1990 16:05:03
J

SPECIMEN NO. A72W57 (DUPLEX) TEST TEMPERATURE = tl C - from disk CANo1 TEST DATE = 000000- j

. Post.4est crack arrest measurements

W.Aa AT + BN/4 = . 54.341 mm .
W.As AT MIDLINE = 54,484 mm -

W.As AT BN/4 $6.693 mm=

Zero load disp. offeet at end of cycle 1 - (Rll = .7 mits
Total dop. offset at and of cycle n 1 (R3) = 0 0 nuts
Displacement at onset of unstable crack growth tP4) = 50.5 nuls -
Displacenwns appros. .I s after arrent (PS) = 5 8.8 mais

Pmma = 17600 the
Paun = 1000 lbs
(Pmas.Pmin)/Pmat .94=

Load drop guidelme nwt

Post. test crack arrest calculations

Length of remaining lisament W.Aa(average) = 55.2 mm

Crack lump As Ao = 29.0 mm

Net COD at initiation per ASTM = l.283E43 m
Net COD at arrest per ASTM = :l.290E43 m

Arrested crack length (Aa) = 72.0 mm
Fractional arrested crock length ( Aalw) = .566
Geonwisy factor F( Aa!W) .l701=

e..e.e. ...e...ee.e.....e..

* Ko = 216 MPs.m'O.5 *-
* Ka = 146 MPs,m'0.5 *
.....................e......

VALIDITY CRITERIA PER ASTM 122188. PAR A. 9.3
.

ACTUAL VALUES ASTM CRITERIA MINIMUMS

Length of remaining liganwnt (W * As) = 55.2 mm Remainmg liganwat (0.15W) = 19.1 mm
REM AININO LIO AMENT CRITERION *A' MET

Length of remaining liganwne (W Aa) = 55.2 mm Renmining leganwn: 1.25*(Kal(YS & Y5all'2 = 54.5 mm
REM AININO LIGAMENT CRITERION *B' MET i

$pecimen width B = 1.298 inchen = 33.0 mm Specimen wiJih (Ka/(YS + YSo)l*2 = 4).6 mm _
- "mIICKNESS CRITERION 'C' NOT MET ***

_

Crack jump beyond EB weld (Aa . EBCL) = 13.4 mm Specinun wiJih at notch (Dn) = .976 inches = 24.8 mm
'"* DUPLEX SPEC. CRACK JUMP CRITERlON 'D' + *E' NOT MET *

i

. -
_.
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Test Temperature 29'C-
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Specimen Identification A73W35-

Test Temperature 29'C-

Crack Arrest loughness 67 MPa /m-

Length of Remaining Ligament - 27.7 mm
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Specimen Identification A73W37-

Test Temperature 25'C-

Crack Arreat Toughness 29 HPa./m-

Length of Ramaining Ligament - 2.8 mm
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Specimen Identification A73W39-
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The cbjective of this study was to determine the effect of neutron
irradiation on the shift and shape of the lower-bound curve to crack-arrest
data. Two submerged-arc welds with copper contents of 0.23 and 0.31 vt t
vore commercially fabricated in 220-mm-thick plate. Crack-arrest specimens
fabricated from these velds were irradiated at a norninal temperature of
288'C to an averate fluence of 1.9 x 10" neutrons /cm3 (>l MeV).
Evaluation of the results shows that the neutron-irradiation-induced crack-
arrest toughness temperature shift is about the same as the Charpy V-notch
impact temperature shif t at the 41-J energy icvel. The shape of the lower-
bound curves (for the range of test temperatures covered) did not seem to
have been altered by irradiation compared to those of the ASME K curve.
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