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ABSTRACT

This report presents the experimental results of Phase I of a Small
Business Innovation Research Program _which investigated the response
of environmentally-assisted monotonic and cyclic crack growth
following a simulated anneal of a reactor pressure vessel weld.
Unirradiated steels were- used in this (initial) . Phase I of the

. ere grown in several specimens of' aprogram. Fatigue cracks w
submerged are weld deposit in pressurized, high-temperature reactor-
. grade water. The specimens were removed from the environment , _ and
annealed for one week at either 399'C or 454*C. Some control
specimens were not ' annealed. Following the anneal, the specimens'were
divided into two lots. Fatigue crack growth in high-temperature water
wasi resumed on one lot' of annealed specimens- and unannealed
controls. No effect of the anneal was noted on the fatigue crack
growth rates, which continued with about' the same degree of

environmental assistance as exhibited before the anneal. An elastic-

plastic fracture specimen tested in 93*C air at- a very slow loading
rate, showed that neither annealing nor the slow rate had a
significant effect on the J-R curve characteristics. However,

; conducting the tests at a slow loading rate in 93*C PWR water resulted
in a 25% to 30% decrease in J and a small decrease in TE yc av *
Examination of the- oxides on the f atigue fracture surfaces showed th!t'

'
'

formed during the anneal, but that magnetite, formedsome hematite
during : the crack growth in pressurized, high-temperature water, was
the predominant oxide specie.
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1. INTRODUCTION

Radiation embrittlement of ferritic pressure vessel steels results in
lowering of' the upper shelf energy and an elevation in the ductile-
brittle transition temperature as - determined by Charpy impact tests.
Annealing of the vessel steel at temperatures in the range of 399'c to+

454*C - (750*F to 850*F) will restore most of the Charpy properties
(Ref. 1), but upper-shelf elastic plastic fracture toughness may not.

be totally recovered (Ref. 2). To date fatigue crack growth behavior
*

af ter an irradiation-anneal cycle has not been determined. Although
~

i Cullen has r,hown under a very limited set of test cogditions "thag1-irradiation to typical end-of-life ' fluences (~ 2 x 10 neutrons /cm
> 1 MeV) does not result in significant changes in fatigue crack

i growth behavior (Ref. 3), more work is' needed in this area. Research
on fatigue crack growth rates,. using other combinations of pertinent-

variables, is continuing. Some work on fatigue crack initiation in
; light water reactor (LWR) environments is underway (Ref. 4).

Thermal annealing has been applied to only one commercial reactor. '

vessel to date. However, the procedure is under very active consider-
| ation and evaluation both domescically and world-wide. While the cost

of annealing is high, the value can be more than offset by extra full-,

power years which can be recove red. This research has determined the,

initiation and growth behavior of a crack under both cyclic and
monotonic loading subsequent to a reactor annealing cycle. The - pre-
sumption is that in spite of the inspection, an undetected crack
existed before the annealing began. Thus, the crack dried out, was
further oxidized during the anneal, and may thus exhibit substantially

| different growth rates (either increased or decreased) af ter anneal-
ing. The net effect may be a measurable decrease in the vessel life.,

i

2. OBJECTIVE AND SCOPE
4

i The objective of Phase I of this program was to determine the
j immediate response of crack initiation and crack propagation processes
1 to the hydro-testing and normal power cycling just after reactor

restart following the anneal. Unirradiated steels were used in this
; phase of the program. Most of this effort has been devoted to

establishing the basic test techniques and measurement of baseline-

properties of the materials. Fatigue crack growth rate tests were
i conducted in pressurized, high-tempe rature water. Tests with aa

interruption for annealing were compared against results for uninter-
rupted tests. Post-anneal elastic plastic fracture tests were
conducted in reactor grade water, using slow-rising load, in order to
determine the effects of aqueous environments on J-R curve
development.;

! i
!
t

i

f

f
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3. TEST SPECIMENS

3.1 Fatigue Crack Growth F. ate Specimens

Fatigue crack growth specimens were cut from a submerged arc weld
having ~ the chemistry shown in Table 1. The specimens used in this
test segment were modified versions of the IT-CT specimens described
in ASTM E 647. The modification involved an extension of the arms of
the specimen by 19 mm (0.75 in.), and a deepening of the initial notch

Table 1. Composition and Mechanical
Properties for Weld Deposit
Used in this Study-

Submerged Arc Weld
(Linde 80 flux)'

(in weight percent)

C 0.12
I

P 0.020

S 0.010

Mn 1.40
i

Si 0.53

Cr 0.14

Ni 0.61

Cu 0.29;

Mo 0.51

A1 0.007

Yield Strength at

24*C (75'F)
489 MPa (70.9 ksi)

-

!

' to 19 mm (0.75 in.). Figure 1 shows the dimensions of the specimen.
These two changes result in a design which gives larger values of the
compliance than are available from the standard design, a fact which
leads to more accurate calculation of the crack extension and there-

j fore, the crack growth rates. The use of the extended arms and

2

, _ _ . _. . _ , . . . . _ _
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Fig. 1. The modified compact specimen used in the fatigue crack growth rate testing segment of
this phase. The extended arms, and deeper-than-usual machined notch result in more crack-mouth
displacement and specimen compliance, respectively, and a greater precision in crack length
determination.
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modifisd =dicplac: ment- g gs - mounting hardwara did n2ctositate
recomputation .of the crack length-to-compliance relationships, using
the formulas presented by Hudak . and Saxena (Ref. 5). The computed
values of compliance, - for : the range of crack lengths of interest in -
,this study, were ' fit to a fif th order polynomial in order to produce a

- relationship for crack length in terms of compliance.

'
Following testing, the specimens were chilled, . broken open and the
crack lengths were measured optically. This information was uued in a

"

-post-test correction algorithm described in Ref. 6. A photograph of a
group of fatigue crack growth rate specimens is shown as Fig. 2.'

4

3.2 Elastic-Plastic Fracture Specimens

The specimens used in this part of the test plan began as modified;.
compact specimens described above, since the precursor to the elastic-

3
'

plastic tests was a segment of fatigue crack growth rate testing.
*

Following completion of the crack growth rate segment of the test
program and the annealing of selected specimens, the extended arms of
the specimens were removed, and a groove was machined on the front

,

face, centered on the notch, in order to allow mounting of razor blade
j edges and a clip gage in order to determine crack extension in the

,

i specimen by the compliance procedure. All machining was performed
i without cutting oils, in order to prevent infiltration of the crack by

| such contaminents. The specimens were then sidegrooved 10% on each
side.

The testing disposition of the fifteen specimens used for fatigue
i crack growth rate and elastic plastid fracture studies is given in

Table 2.
1

| .Following testing, .the specimens were chilled, broken open and the
i, crack lengths were measured optically. A photograph of a group of
: elastic plastic fracture specimens is shown as Fig. 3.

4. TEST APPARATUS

!

] 4.1 Multispecimen Autoclaves

The fatigue crack growth rate tests were conducted in smiltispecimen
,

j autoclaves in an air environment (two specimens) or pressurized, high-
'

temperature water environment of the usual PWR chemistry shown in
| Table 3. Hydrogen was used as a sparging gas to drive out the dis-

solved oxygen. The multispecimen daisy chain was configured as shown
! in Fig. 4. Four of the specimens in each daisy chain were instrumen-
! ted with displacement gages, but the autoclaves are not fitted with a
j fifth gage because there is not enough room in the vertical direc-
i tion. Consequently the fif th specimen was not used for crack length
j determinations, but functioned as a control specimen and was used for

oxide analyses. Tests were conducted in load control, using a load
ratio of 0.2, and test f requencies of 1 Hz for the air environments,;

i and 17 mHz for the aqueous environments. Computerized data acquisi-

| tion was used'for all tests.
i

)
;

4
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Fig. 2. Photograph of six fatigue crack growth specimens showing
beachmarks created by the interruption for annealing of the specimens. j
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-Tab 12.2. Dicposition of Subme ggd-Arc Weld Specimens fcr F;tigu2 Crcck Crowth Elastic-PlsOtic >
~

Frcetura End Oxide Anal;aiF

.

; SPECIMEN FATIGUE CRACK CLOSURE ANNEAL ELASTIC-PLASTIC cot 9ENTS ~
.

ID CONDITIONS STUDY TEST CONDITIONS

W8B-X01 ~ 5 mm in PWR 399'C - -

W85-X02 ~ 5 mm in PWR Yes 454*C - - i

~ 3.8 mm in PWR - - - - Oxide Analysis

W8B-XO3 ~ 5 mm in PWR Yes - -

; W85-XO4 ~ 5 mm in PWR Yes 399'C - -

~ 3.8 mm in PWR Oxide Analysis-

.

W85-X05 ~ 5 mm in PWR Yes - -

1

-W85-XO6 ~ 11.4 sua in Air 93*C in Air, -

Normal Loading Rate

W85-XO7 ~ 5 mm in PWR Interrupt Without Anneal-

~ 3.8 mm in PWR Oxide Analysis-

e W8B-XO8 ~ 11.4 sus in Air 93*C in Air, -

| Normal Loading Rate

I W88-X09 - 5 mm in PWR - Interrupt Without Anneal
~ 3.8 :ma in PWR - Oxide Analysis

X88-X10 ~ 10.7 mm in PWR 399'C 93*C in PWR, -

Slow Loading Rate
'

X85-X11 ~ 11.4 mm in PWR 454*C 93*C in PWR, -

Slow loading Rate

! X85-X12 ~ 5 mm in PWR Yes 454*C - -

| ~ 3.8 sun in PWR Oxide Analysis-

l X85-X13 ~ 5 aus in PWR Yes - -

| X88-X14 ~ 5 uma in PWR Yes 399'C - -

| ~ 3.8 uma in PWR Oxide Analysis--

I '

X8B-Il5 ~ 10.7 nas in PWR 399'C 93*C in Air, -

i Slow Loading Rate

i

. , . , . . _ .._. .. _ - - - -__ , _ . . - - _ _ __ _ _ _ _ . . . . _ _ _ - _ - . _ _
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f Fig. 3. Photograph of five elastic plastic fracture specimens.
1 Specimens W88-X10 and -X15 were tested in 93*C PWR water; all have been
! heat-tinted, resulting in darkened f racture nurf aces.
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4.2 Elastic-Plastic Tests

Elastic-plastic tests were conducted by the single-specimen. compliance
. technique in a four column, 55 kN (10 kip) load frame, equipped with'a
test chamber which could be used for either 93*C water or air environ-
ments. D-hole grips were used. A cantilever-beam ASTM E 399-type
clip gage was used to measure crack-mouth-opening for the control.
tests, or an immersible displacement gage was used for the tests of
annealed specimens. Both devices gave similar results in terms of
correlation coefficients for the calculation of the single-apecimen
compliance slopes. The water used in these tests had the same chemis-
try as that given in Table 3, but was saturated with nitrogen gas to
promote deoxygenation. Thermocouples attached to the specimen showed
that the temperature control was i 1*C. Data acquisition was provided
by digital voltmeters, which - provide a filtered, 16-bit reading. Two
function generators were used to provide the basic load ~ command, and
the unloading / reloading commands, respectively.

The testing and data reduction procedures utilized her, are virtually
identical to those used in earlier NRC-sponsored work (Ref. 7). The
two control air tests had the clip' gage mounted directly on the f ront
f ace of the specimen (12.7 mm from the load line), while tests of the
three annealed specimens required the immersible displacement gage,
which is slightly displaced f rom the specimen front face (~ 15.4 mm
from the load line). Because of this, the~ load line displacement
measurements, required for calculation of J-integral values, had to be
inferred f rom the front face displacements measured. The method used
to infer load-line displacements utilized a simple geometric relation
postulated by Landes (Ref. 8):

a + rb
LL " a + rb + c C

*

where

Vtt = inferred load-line displacement

V measured displacement at a distance c from the load=
C

line

current crack length in the specimena =

b uncracked ligament length=
,

distance from the displacement measurement point toc =

the load line
I

axis of rotation ratior =

1

9
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For elastic plastic ' loading, this relation ~ astched an independent
relation (based. on a/W) derived by Hiser and Loss (Ref. 9) for

' irradiated and unirradiated low. upper shelf welds . over a temperature !

range f rom 75'c to 288'C. In that comparison (and here), the value of
,

r was assumed ' to be . 0.33. These' inferred displacements are thought to
be . within 1% of..the actual load-line . displacements,. as required by

. ASTM .E 813 and the tentative J-R curve test procedure.
!

Crack lengths were related to specimen compliance through the appro--
priate Hudak-Saxena relation for the control specimens, where the clip -

. gage was mounted . on the front face of the specimen. For the anneal
tests, the Hudak-Saxena relations were us'ed to compute compliance (as4

a function of crack length for the specific clip gage location,
~ 15.4 mm f rom the load line). These compliance values were curve fit
to a fifth order polynomial to produce a relationship to crack length.

;

} Table 3. ' Water Chemistry Specifications
4 *

1

| Boron (as boric acid) 1000 ppa '

j Lithium (as lithium hydroxide) 1 ppa
Chloride ions < 0.15 ppa,

i Fluoride ions < 0.10 ppm
| Dissolved oxygen ~ 1 ppb

3
| Dissolved hydrogen (saturation). 30 to 50 cm /kg water '

!

j . All other metallic or ionic species should be at about t race levels.
; Some iron, both in solid and soluble form is the inevitable reault of

a corroding specimen.
,

I
4

( 4.3 Annealing

Specimens were annealed for 6.05 x 105 Iseconds (168 hours) in an air
environment in an oven, using time-proportioning on-off controllers
for ~ temperature regulation. Temperature control was estimated to bei

! i 1*C (i 2*F) degrees. The specimens were individually thermocoupled '

| and the temperature was brought carefully to the set point to avoid
i any overheating.

i

,
4.4 Oxide Analysis

!~
j After fatigue crack growth rate testing was complete, the specimens

were removed f rom the autoclave while still warm, to avoid any incuba-
tion in stagnant, possibly oxygen-laden water. They were chilled in,

| alcohol, which was in a container surrounded by liquid nitrogen. The ;

! specimens were then ' broken, and immersed quickly in room-temperature
| alcohol, a procedure which is different from the normal method of

|
|

10

4 ,
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cold-fracturing, spraying with an anti-corrodent, and allowing the4

specimens to come to ' room temperature ' while covered with ' condensed'

= water. The alcohol method was an attempt to avoid spraying with the
anti-corrodent, which tends to remove some. of the oxide and which also
contains several heavy-metal and : sulfur-bearing compounds which might
tend to interfere with subsequent analyses.'

The specimen fatigue fracture faces were carefully sawed of f, at slow .

speed, to avoid overheating, and without the use of coolants, to avoid |

unnecessary contamination. The specimens were examined for oxide 1

structure and identification in an X-ray diffractometer using a silver
,

tube. The diff racted " white" spectrum of the X-ray beam (that part of'

| the . spectrum between the K and L, lines) was analyzed using a stan-a
!: dard energy-dispersive, X-ray spectrometer and multi-channel analyzer.
1

5. RESULTS

4

j 5.1 Fatigue' Crack Growth Rate Tests *

f The results of tests in an air environment at 32*C (90*F) are shown in
j Fig. 5. These results are quite typical for test frequencies of 1 Hz,

showing a small amount of increase over the reference line for growth'

in an air environment ~(Ref. 10), particularly at the lower values of
AK. The growth rates for specimens tested in the 288*C (550*F)- reac-

i tor grade water environment are shown in Fig. 6. These results show a
rather modest, but easily measureable amount of environmental assis-'

tance. These results agree well with those from a 2T-CT specimen
] (Fig. 7) of this same weld metal which was tested under the require-
I ments of another NRC-sponsored program. It is notable in both cases
j (IT and 2T specimens) that the crack growth behavior is essentially
I linear when plotted on the customary log-log plot of growth rate vs.
J AK.
I

The results of the tests which were interrupted for the annealing
j

j segments are shown in Fig. 8 a, b and 9 a, b. In each of the cases,
' the continuity of the crack growth rates is essentially preserved, !

i showing that the drying out of the crack, reformation of the oxide .

j within the crack during the anneal, followed by resumption of the |
test, does not result in a transient of any significance. This . is

; very useful information since it indicates that the baseline crack
i growth rates of Fig. 6 pertain to both the pre- and post-annealed

material, and that annealing in and of itself does not affect the
material, or upon re-exposu re to the water, create such different

3

! water chemistry kinetics within the crack' tip enclave that different
j crack growth rates would result.
!

] Earlier work, (Ref. 3) also cited in the introduction, has shown that
1 irradiation by itself does not' perceptibly change the environmentally-
| assisted fatigue crack growth rates, or that ' the slight improvement

(decreate) in rates ' due to irradiation-strengthening is exactly of fset'

! by the ' increase in rates due to environmental effects. Thus, conduct
t of a series of similar tests using irradiated and annealed specimens

!

I 11
:
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would then prove that any changes in fatigue crack growth rates which
might be seen upon annealing. or upon reirradiation if carried out
also, would be due to environmental interaction with the microstruc-
tural changes resulting f rom erasing or accruing irradiation damage.

5.2 Elastic-Plastic Fracture Tests
||

Tabulated results from the J-R curve tests are given in Table 4 with
data summary sheets for each test in the Appendix. J and T ,gvalues listed are computed using MA procedures (Ref. 7).ge In short,

,

J is taken to be the initation toughness of the material, i.e., theIe
enterial toughness at the ooget of real crack growth (~ 0.25 mm for

; these tests). T ,g is the average value of tearing modulus, as given
by4

E dJ
T,,, = y,-

o f

I where
;

i E = modulus of elasticity (assumed at 201.9 CPa for these
' tests)

og flow stress, average of the yield and ultimate stress4 =
,

values (557.4 MPs for these tests) ;

h = average J-R curve slope, as determined using the;

j method from Ref. 7.
;

I

j
T,,Ekgrowthonceinitiationhasoccurred.is then a asasurement of the asterial resistance to sustained

i cra
4

h
! The J-R curves for the two control tests are illustrated in Fig.10.
j These specimens were fatigue precracked in air, and monotonically

loaded in air (the J-R curve test) at 93*C. The loading rate for -

j these tests is termed " normal" (~ 44 MPA 4/ min.), since that is ' the
loading rate typically used et MEA for fracture toughness testing.!

This rate corresponds to a crosshead displacement rate of,

~0.2 inn /agn. The average value of J for these tests is '

110.4 kJ/m , the average value of T.,, is 57.ge
[;

l '
; The three annealed specimens were also tested at 93*C, but at a " slow"

loading rate, i.e., ~ 0.44 MFA4/ min. or a crosshead rate of
-

= ~ 0.002 mm/ min. As illustrated in Fig.11, the 454*C annealed spect-
| men and one of the 399'c annealed specimens were tested in the PWR-

typical water environment, at standard pressure. These two tests show,

| very sistler J-R curve levels and trends, as the J 1c and T values
are within 52 of one another. The secoed 399'c annealed sp.,Imen was

'
'

ec >

tested in air stellar to the control tests, except at the slow loading
: rate. This J-R curve to noticeably higher than the two water tests,

,

as Jge is ~ 312 higher and T ~ 102 higher than the water tests, t

indicatingasignificanteffec,,$ftheaqueousenvironment,especiallyt

in terms of decrease in initiation toughness.'

17;



Tabic 4. J-R Curve Data Summary (93*C, 20% Side Grooved)

- SPECIMEN TEST TEST LOADING ANNEAL (a/W)g Aa ,a .Aa -Aa,b J Tp
-ID ENVIRONMENT RATE CONDITION

2
(mm) (mm) (kJ/m )

|
W8B-X06 Air Normal" 0.631 6.25 -0.09 113.6' 58

W8B-XO8 Air Normal 0.618 7.51 -0.22 107.1 55

d-W88-X15 Air Slow 399'C 0.587 5.04 -0.20 107.1 .58

W8B-X10 PWR Slow 399'c 0.615 4.98 +0.04 83.6 53

W8B-X11 PWR Slow 454*C 0.631 4.35 -0.19 79.9 52
|

|
,

Optically measured crack extension (f rom elastic plastic loading)a

b Compliance predicted crack extension

c 44 MPA m/ min. (~ 0.2 mm/ min. crosshead rate)

d 0.44 MPA 4/ min. (~ 0.002 mm/ min. crosshead rate)

<
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%

/
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h
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Comparison of the three annealed specimen J-R curves with the two
control .J-R curves (Fig. 12) reveals several interesting points.
First the three air tests are coincident with one another. With the
annealed specimen, J is ~ 3% 1 wer than the average control value,Ie

. while T,yg is ~ 2% higher than for the controls. These small differ-
! ences are considered to be insignificant in comparison to inherent

scatter in the weld. Given these results, then either the effect of
annealing on the; material and the effect of the much slower loading
rate are direct inverses of one another or they both have no effect on
the J-R curve.

The aqueous J-R curves are significantly lower than the control tests,
(- with J

b)~, 26% lower and T,yg ~ 7% lower.
With the full J-R curves

!. (Fig. the aqueous tests are seen to be displaced below the air
! tests by almost a constant increment in J 1evel. This observation is
'

consistent with the
relatively close T,7 effects of radiation embrit-values for the two types of

tests. This result differs from observe
tiement, where the entire .J-R curve is affected and typically J doesye

change as much as T,y$ous Apparently, the initial crack tip isdoes.not

damaged by the aqu environment, and is possibly the onlymost'

portion of the ligament so affected.;

5.3 0xide Analysis

,

Three sets of fatigue crack growth rate specimens were selected for
'

'
oxide analysis. These were (a) W8B-X07 and -XO9, the control speci-
mens, which were fatigue cracked in pressurized, high-temperature'

water, removed and held in a desiccator for one week, and fatigue
cracked additionally, (b) W8B-X04 and -X14, which were fatigue cracked
as above, but annealed at 399'c for one week, and (c) W8B-X02 and
-X12, which were annealed at 454*C for one week. Examples of the
energy-dispersive, X-ray diffraction spectra from the fatigue fracture
surfaces of each of the three specimens is shown in Fig. 14. Panel
(a) is the control specimea and panels (b) and (c) are the specimens
annealed at 399'c and 454*C, respectively. Spectral lines correspond

2 to diffraction of " white" X-radiation from the Bragg diffracting
planes of whatever species (oxidea , the steel matrix, etc.); arei

present near the surface. All specimens were exposed for identical
amounts of time, het.ce. comparison of peak heights is some indication

| of the relative amounts of the diffracting species. For the most
part, the lines in these . panels can be associated with either

(Fe3 4), which is known to form in PWR environments, or themagnetite 0
steel matrix, which is easily recognized using the expected line posi-

| tions for elemental iron. In each panel, the strong lines at the left
! side, at 5.9, 6.4 and 7.0 kev, are the emission lines from manganese

(K,), iron (K,) and iron (K ), respectively. Other diffracted lineag
are labeled as shown in panels (a) and (c ) . Panel (b) is virtually
identical to panel (c), and recognizable lines are indicated by arrows
only.

The control specimen, panel (a), although visibly covered with magne-
tite, does not produce magnetite lines, indicating that the layer is

[ so thin and the reflecting volume so small, that lines are not visible
i
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above the. background. On the other hand, . both of the annealed speci-
,

! mens show an easily ' recognizable set of magnetite lines, denoted by

( the - label "M." Clearly, the process of annealing creates a rather
l' .significant layer of magnetite within the fatigue crack enclave. No

evidence of hematite (Fe2 3) was found.0
t
i

|' '6. CONCLUSIONS

j The conclusions from the various subtasks of this study are described

|: below.

(1) There is little, if any, effect on the fatigue crack growth
rates of an interruption for , annealing.

(2) There are some changes in the character of the oxides on the
fatigue fracture surface as a consequence of annealing.
These first two conclusions are not nutually exclusive; they
simply imply that the changes in' oxide 'do not influence
crack growth rates.

(3) There is a significant decrease in the initiation . toughness.

; of low-alloy weld metal when tested under slow-rising load
conditions, in 93*C (200*F) reactor-grade water. This
effect 'seems to be due to the environment, since slow-rising
load and normal. loading rates yield about the same J-R
curves for tests in air at 93*C (200*F).

.

(4) There is a small decrease in the tearing modulus in the '

j slow-rising load tests, but this may not be clearly and
statistically significant. Additional, similar tests would
be required to refine this conclusion.

(5) Elastic plastic fracture, fatigue crack growth, and axial
(S-N) fatigue tests are needed for irradiated steels, in
order to determine whether the environment interacts with
irradiated, annealed and reirradiated steels in ways which
are seriously detrimental to the failure process.

i

i
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APPENDIX

350 . . . i

SPECIMEN W88-XO6 (Control)

280 - ! *

9 V, g
I-

% )
) ElO -

/ .

I -'

m

O | |m j
.0 140 - f -

2
m
O j
I:

/ FAILUR TYPE C,

70 - (R curve > 1.5 mm) -

'

MER & ASTM At LYSIS APPLICABLE

/
Ojk ! ' ' '' '

O.0 .5 1.0 1.5 2.0 2.5

Cr ack Extensi on (mm)

TEST SPECIMEN DATA
Mat eri al Type S/A Weld=

Test Temperature 94 C=

Percent Side Groove 20 %=

Specimen Thickness 25.4 mm=

Init c rac k lergth 32.08 mm Init a/H = .631=,

Final crack length 38.33 mm Final a/W = .754=

Flow stress 557.4 HPa=

Youngs modulus 201900 MPa (Est i mat ed Value)=

POWER LAW DATA J = C (Delta a) ^H
Jic 113.6 kJ/m^2=

Kjc 151.5 MPa N/m=

Exponent N .4155=

Coefficient C 200.7 kJ/m^2=

T (average) 58=

LEAST SQUARE LINEAR LINE (ASTM) J=M (Delta a) +B
Jic = 113.4 kJ/m^2
Kjc 151.3 MPa N/m=

Slope H 89892.5 kJ/m^3=

Intercept B 104.2 kJ/m^2=

T (ASTM) 58=

Validity (Jic) VALID=

Validity (R-curve) VALID=

J maximum allowed 521.4 kJ/m^2 (Jmax=Bnet* Flow stress /20)=

Delta a max. allowed = 1.87 mm (Delta a max = 0.1*bo)
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350 i i i i

SPECD1EN W68-X00 (Control)

280 -

f
*

I / '

n

Y l
E f

}%

) ElO -

1 I -

f -v

"

|-
? 140 - f -

<+-

4; *
O )
I:

/
FAILUR TYPE C

70 - (R curve > 1.5 mm) -

f NEA & ASTM At LYSIS APPLICABLE

/
'

0 ' ' " '

O.0 .5 1.0 1.5 2.0 2.5

Crack Extension (mm)

TEST SPECIMEN DATA
Mat eri al. Type = S/A Weld
Test Temper at ure = 94 C
Percent Side Groove = 20 *./

Specimen Thickness = 25.4 mm
Init c rac k length = 31.43 mm Init a/W .618=

Final crack length = 38.94 mm Final a/W = .766
Flow stress = 557.4 MPa
Youngs modulus = 201900 MPa (Est imat e d Value)
POWER LAW DATA J = C (Delta a) ^N

107.1 kJ/m^2Jic =

147.1 MPa N/mKjc =

Exponent N = .416
Coefficient C = 191.2 kJ/m^2

55T (average) =

LEAST SQUARE LINEAR LINE (ASTM) J=M (Delta a) +B
Jic 100.5 kJ/m^2=

Kjc 142.5 MPa N/m=

93167.3 kJ/m^3Slope M =

Intercept B = 92'.1 kJ/m^2
T (ASTM) 61=

Validity (Jic) VALID=
,

|Validity (R-curve) YALID=

539.5 kJ/m^2 (Jmax=Bnet* Flow stress /20)J maximum allowed =

Del t a a max. allowed = 1.94 mm (Delta a max = 0.1*bo)
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350 . . . i

SPECD1EN W8B-X10 (750 F)

-

E80 -

l~

1 I /'
* -% Et0 -

f .

I
d
- j -
.,

f -.I 140 -

/(+-
|.- ,

o
O *E FAILUR TYPE C

70 (R curve > 1. 5 rnrn) -'

"

f MER h RSTM Rt LYSIS APPLICABLE

s /g/ . . .. .

0.0 .5 1.0 1.5 2.0 2.5

Crack Extension (mm)

TEST SPECIMEN DRTA
Mat e r i al Type = S/A Weld
Test Te mpe rat ure = ?4 C

20 %Percent Side Groove =

Specimen Thickness = 25.4 mm
.615Init c r ac k length = 31.29 mm Init a/W =

final craci length = 36.27 mm F i nal a/W = .713

Flow stress = 557.4 MPa
Youngs modulus = 201900 MPa (Est imat ed Value)

POWER LAW DATA J =C (Delt a a) ^H

Jic = 83.6 kJ/m^2
129.9 MPa N/mKjc =

.4566Exponent H =

Coefficient C = 164.4 kJ/m^2
T (average) = 53
LEAST SQUARE LINEAR LINE (ASTM) J = M (Delt a a) +B
Jic = 78.9 kJ/m^2

126.3 MPa N/mKjc =

Slope M = 88199 kJ/m^3
Intercept B = 72.7 kJ/m^2
T (ASTM) = 57
Val i d i t y (Jic) = VALID
Yalidity (R-curve) = VALID
J maximum allowed = 543.4 kJ/m^2 (Jmax=Bnet* Flow stress /20)
Del t a a max. allowed = 1.95 mm (Del t a a max = 0.1*bo)
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350 i . . .

SPECD1EN W8B-X11 (850 F)

280 - ! -

7 l *
2 *

N

2 210 -
-

N |
|-

0 140 - f -

1 l
~o
O 4
I FAILUR TYPE C.

70 - (R curve > 1.5 mm) -

NEA & ASTM A LYSIS APPLICABLE

0''*# ' ' " '

O.0 .5 1.0 1.5 2.0 2.5

Crack Extension (mm)

, TEST SPECIMEN DATA
Mat er i a l Type S/A Weld=

Test Temperature 94 C=

Percent Side Groove = 20 4'
Specimen Thickness 25.4 mm=

Init crack length 32.06 mm Init a/W = .631=

Final c rac k length 36.41 mm Final a/W = .716=

riow stress 557.4 MPa=

Youngs medulus = 201900 NPa (Est imat ed Value)
POMER LAW DATA' J = C (Delta a) ^H
Jic = 79.9 kJ/m^2
Kjc 127 MPa N/m=

Exponent H .4639=

coefficient C = 159.9 kJ/m^2
.' (average) = 52
LEAST SQUARE LINEAR LINE (ASTM) J=M (Delta a) +B
Jic = 80.6 kJ/m^2
5'j c = 127.5 MPa N/m
Slope M = 80764.6 kJ/m^3
Intercept B = 74.7 kJ/m^2
T (ASTM) = 53
Val i di t y (Jic) = VALID
Validi ty (R-curve) = YALID
J maximum allowed = 521.9 kJ/m^2 (Jmax=Bnet* Flow stress /20)
Delta a max. allowed = 1.87 mm (Del t a a max = 0.1*bo'
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SPECD1EN H8B-X15 (750, Air)

280 - - -

N
<

.

e
N

] 2LO - -

N |
I-

f -0 140 - *
<

-

o
o
E FRILUR TYPE C

70 - - (R ourv > 1. 5 inin) -

f MER & ASTM A LYSIS APPLICABLE

l
/*

0 :- ' ' " '

O.0 .5 1.0 1.5 2.0 2.5

Crack Extension (mm)

TEST SPECIMEN DATA
Material Type = S/A Weld
Teat Temperature = 94 C
Pe r-c e n t Side Groove = 20 *./

Specimen Thickness = 25.4 mm
Init crack length = 29.83 mm Init a/W = .587
Final crack length = 34.87 mm Final a/W = .686
Flow stress = 557.4 MPa
Youngs modulus = 201900 MPa (Est imated Value)
POWER LAW DATA J = C (Delta a) ^N
Jic 107.1 kJ/m^2=

Kjc 147 MPa N/m=

Exponent H .4301=

Coefficient C = 194.9 kJ/m^2
T (average) = 58
LEAST SQUARE LINEAR LINE (ASTM) J=M (Delta a) +B
Jic 108.4 kJ/m^2=

i Kjc 147.9 MPa N/m=

Slope M = 88067.7 kJ/m^3
Intercept B = 99'.8 kJ/m^2

1

T (ASTM) = 57
Validity (Jic) = VALID ;

Validity (R-curve) = VALID l

J maximum allowed = 565.9 kJ/m^2 (Jmax=Bnet* Flow stress /20) I

Delt a a max. allowed = 2.1 mm (Delta a max = 0.1*bo) '
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