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ABSTRACT

The papers published in this six volume report were presented at
the Twelfth Water Reactor Safety Research Information Meeting held
at the National Bureau of Standards, Gaithersburg, Maryland during
the week of October 22-26, 1984. The papers describe progress and
results of programs in nuclear safety research conducted in this
country and abroad. Foreign participation in the meeting included
twenty-six different papers presented by researchers from seven
European countries, Japan, and Canada.
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PREFACE;

This report, published in six volumes, contains 176 papers out of
the 205 that were presented at the Twelfth Water Reactor Safety Re-
search Information Meeting. The papers are printed in the crder of
their presentation in each session. The titles of the papers and
the names of the authors have been updated and may differ from those
which appear in the final agenda for the meeting. The prpers listed
under the session on Human Factors and Safeguards Research did not

,

appear in the agenda but were prepared for the panel discussions,

that made up that session.
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IRRADIATION EFFECTS IN IM-ALLOY REACTOR PRESSURE VESSEL STEELS

(HEAVY-SECTION STEEL TECHNOLOGY PROGRAM SERIES 4 AND 5)*

R. G. Berggren, J. J. McGowan, B. H. Henke,t
R. K. Nanstad, and K. R. Thomsf

Metals and Ceramics Division
OAK RIDGE NATIONAL LA30RATORY

Oak Ridge, Tennessee 37831

INTEODUCTION

Numerous studies of the effects of impurities and fast neutron
irradiation on fracture toughness of nuclear reactor pressure vessel
materials ({1ates, forgings, and welds) have been reported in the
literature. 9 Most such studies have included a minimum number of tests
f or each material and/or combination of irradiation parameters. Statis-
ti' cal analysis of neutron irradiation effects has been possible only by
using a large body of data representing a variety of materials and neutron
exposure conditions. However, such analytical methods do not address the
question of accuracy of each datum in the large set, or the accuracy and
reliability of results from a single small data set such as might be
obtained in a nuclear reactor pressure vessel surveillance study. The
present studies address this question by multiple testing at two labora-
tories of typical nuclear pressure vessel materials (both irradiated and
unieradiated) and statistical analyses of the test results. Multiple
tests are conducted at each of several test temperatures for each
material, standard deviations are determined, and results from the two
laboratories are compared.

Th, Fourth Heavy-Section Steel Technology (HSST) Irradiation Series,
almost completed, was aimed at elastic plastic and fully plastic fracture
toughness of low-copper weldsents (" current practice welds"). A typical
nuclear pressure vessel plate steel was included for statistical purposes.

The Fif th RSST Irradiation Series, now in progress, is aimed at
determining the shape of the KIR curve after significant radiation-induced
shif t of the transition temperatures. This series includes irradiated
test specimens of thicknesses up to 100 mm and weldment compositions
typical of early nuclear power reactor pressure vessel welds.

These two series will be discussed separately.

*Research sponsored by the Office of Nuclear Regulatory Research,
U.S. Nuclear Regulatory Commission, under Interagency Agreements
DOE 40-551-75 and 40-552-75 with the U.S. Department of Energy under
contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.

fMaterials Engineering Associates, Lanham, Maryland.

IEngineering Technology Division, Oak Ridge National Laboratory.
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FOURTH BSST IRRADIATION SERIES4

i
4

j This irradiation program was conducted on four submerged-arc welds
and one plate of A-533 grade B class 1 pressure vessel steel. The welds
were made by commercial vendors using current welding practices and con-

;

| tained relatively low copper contents. The target fast neutron fluence
i was 2 x 1023 neutrons /m2 (>l MeV) and the irradiation temperature was
] '288'C (550*F). Charpy V-notch, tensile, and fracture toughness tests
; (1TCS specimens) were conducted. Sufficient numbers of specimens were

included in the irradiations to permit statistical analyses of the

results.;

| MATERIEB

The plate material was from a 305-am-thick plate of ASTM A-533
3

grade B class 1 manganese-mol bdenum-nickel steel produced by lukens Steel
O

j Company for the HSST Program. This plate material was designated HSST
| plate 02 and portions of it have been used in many investigations. All

| test specimens were prepared in the transverse (TL) orientation.
!

All four submerged-arc weldsents were made in ASTM A-533 grade B
class 1 plate. Two of the submerged-arc weldsents were supplied by the
Electric Power Research Institute (EPRI) and had been fabricated by
Combustion Engineering, Inc. HSST weld 68W was produced as a 178-am-thick

.

! submerged-arc weldsent using Linde 0091 flux and - 4.8-na-dian MIL-B-4 (low
copper and phosphorus) wire and was designated " CGS" in EPRI studies.Il

j HSST weld 69W was produced as a 300-mm-thick submerged-arc weldsent using |
' Linde 0091 flux and 4.8-se-dian MIL-B-4 wire and was designated "CHS" in '

'EPRI studies.11 Both welds were postweld heat treated 25 h at 621*C.'

!
. The other two welds were supplied by Babcock and Wilcox Company.12

Both welds were produced as 174-am-thick submerged-arc weldsente using'

i Mn-Mo-Ni (SFA-5.23EF2N) filler wire. HSST weld 70W was fabricated using
| Linde 0124 flux and HSST weld 71W was fabricated ueing Linde 0080 flux.

Both welds were postweld heat treated 48 h at 607'C.
;

| All test specimens were prepared with longitudinal axes transverse
to the weld centerline and crack propagation direction parallel to thet

surface.

| The four weldsents are considered " current practice" and are of low

| or medium low-copper content. Tnto of the welds (EPRI material) also had
j low-nickel contents.

,

Chemical compositions of the five materials are presented in Table 1.

| MATant E IRRADIATION

All irradiations were conducted at two faces of the Bulk Shielding
Reactor (BSR) at Oak Ridge National laboratory (ORNL), a 2-MW pool-type'

reactor. 1hermal shields of 42.5-en-thick stainless steel were used
between the reactor core and the specimen capsules to reduce gamma heating

2
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Table 1. Chemical compositions of
plate and submerged-arc welds

Composition, wt 1
Material

C Mn P S Si Cr Ni Mo Cu V

Plate, A533 grade B 0.23 1.55 0.009 0.014 0.20 0.04 0.67 0.53 0.14 0.003
class 1 (HSST-02)

Weld HSST-68W, 0.15 1.38 0.008 0.009 0.16 0.04 0.13 0.60 0.04 0.007
Linde 0091 flux

Weld HSST-69W, 0.14 1.19 0.010 0.009 0.19 0.09 0.10 0.54 0.12 0.005
Linde 0091 flux

Weld HSST-70W, 0.10 1.48 0.011 0.011 0.44 0.13 0.63 0.47 0.056 0.004
Linde 0124 flux

Weld HSST-71W, 0.124 1.58 0.011 0.011 0.54 0.12 0.63 0.45 0.046 0.005
Linde 0080 flux

.

in the irradiation capsules. Each capsule contained 60 1TCS fracture
toughness specimens, 80 to 90 Charpy V-notch impact test specimens, and
10 to 20 tensile test specimens in an arrangement shown in Fig. 1.

N 7_/ ,,,o*9
__ ._. ._

\a

> > ,1
-

)>| ' t
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.- .
. -i, 1 Fig. 1. BSR-HSST-4>' a

> '
p J irradiation capsule specimen'

,, "'
,, rack assembly.ia

)( : )., r, "

U~ '~ =
. n

'. ; -

'W

Specimen temperatures during irradiation were controlled by a
combination of electrical heaters and controlled sweep gas composition
(helium and nitrogen). Specimen temperatures during irradiation were
controlled at 288 i 5'C. Irradiation times for the capsules ranged from
4300 to 5400 h.

3
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. Complete spatial maps of damage exposure parameter values were
determined for'esch capsule. The dosimetry in the capsules consisted of
. multiple foil sets and gradient wires. The dosimetry and spectral adjust-
ment procedures are completely presented elsewhere.13-14 The values of

' fluences greater than 1 MeV, 0.1 MeV, and displacements per aton (dpa)
were determined for each specimen. Uncertainties for the damage exposure
parameters ' were less than 8% (standard deviation).

TEST FROCEDURES

The Charpy V-notch impact testing was apportioned between Materials
Engineering Associates (MEA), Lanham, Maryland, and ORNL, Oak Ridge,
Tennessee, such that both laboratories tested equivalent specimens insofar
as possible.

The impact testing machines at both laborstories were calibrated in
conformance with ASTM Standard Method E23, including proof tests using
" standardized specimens."

Preliminary tests of both unirradiated and irradiated specimens were
conducted to approximate the Charpy transition curve and specific tempera-

,

tures were selected for the balance of the testing. Specimens were
selected such that, insofar as possible, tests at each selected tempera- *

ture were conducted by both laboratories of specimens that came from
adjacent positions in the original plate or weld, adjacent positions in
the irradiation capsules, and about the same neutron exposure.

Mean Charpy-V energies of unirradiated specimens and standard devia-
tions were first determined for each selected test temperature for each
laboratory and for the combined data set. This permitted determination of
any bias between the laboratories and also provided data on scatter of '

results inherent in the materials and the Charpy test.

Least-squares regressions were then conducted on the data from un-
irradiated spectmen tests using several fitting expressions:

E = A + BT . (1)

E = (A + BT) { 1 + tanhl(C/2)(T -- D)] } . (2)

E = (A + BT) {1 - exp[-C(T + 273)D]} (3).

where

E = fracture energy, J.
T = test temperature, 'C , and

A, B, C, D = parameters determined in the fitting process.

Equation (1) is a bilinear expression that was fitted separately for
the transition and upper-shelf regions. Results that were in the lower
and upper " knee" temperature regions were deleted for this analysis.

| Equations (2) and (3) are " sloping urpar-shelf" representations of the
!

i

4
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Charpy curves. " Flat upper-shelf" representations of the Charpy curves
were also obtained by deleting the BT term in Eqs. (2) and (3).

The results of tests on irradiated specimens (energy-temperature
- pairs) were then converted to1 transition temperature shif ts (AT) or upper-
shelf energy changes (AE), depending on whether the irradiated specimen
test was in the transition or upper-shelf region. Transition temperature
shif ts are the test temperature minus the temperature at which the mean
unirradiated curve gives the same energy as was obtained in the test of
the irradiated specimen. The upper-shelf energy change was simply the
energy from the irradiated specimen tests minus the mean energy for the
unirradiated specimen tests conducted at the same temperature. A positive
AT is an irradiation-induced transition temperature increase and a
positive AE is a radiation-induced upper-shelf energy increase.

We then attempted to analyse the radiation-induced changes as a power
law function of neutron fluence. However, with the maximum neutron
fluence range of only 150%, the scatter, of the data was such that a
reliable analysis was not obtained. Wh therefore determined the mean
fluence, mean fracture energy, and mean test temperature for transition
region and upper-shelf region data for each material and compared these
with the unirradiated specimen data to obtain transition temperature and
upper-shelf energy changes.

Testing of compact toughness (CT) specimens was performed by the
single specimen compliance (SSC) technique with each laboratory testing
approximately half the specimens. All compact specimens designated for
upper-shelf testing were side-grooved on each side by 10% of the specimen
thickness. The SSC technique provides a method to determine the amount of
specimen crack extension by means of small unloadings (<15% of maximum
load) conducted at regular intervals throughout the test.

Values of the J-integral were calculated using the modified version
of the J-integral, known as Jg, as proposed by Ernst.15 J 18 Eiven by:M

8[Jo - G]
Jg = JD ~~ d' ' (4)6p1

where

JD = deformation theory J.

G = Griffith linear elastic energy release rate = Kf(! -- v )/E,2

so,a = the initial and current crack lengths,
JD -- G = Jpi, the plastic part of the deformation theory J.

6p1 = the plastic part of the displacement, and
v = Poisson's ratio.

Deformation theory J (J ) contained in Eq. (4) is the formation ofD
the J-integral specified for use in the ASTM Standard Test for Jte, a

5
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measure of fracture toughness, E813-81, and in the tentative ASTM
J-integral resistance (J-R) curve test procedure.16 Modified J (Jg) was

4

used in this program because Ernst has shown it to be more specimen-size
independent when the crack extension exceeds the J-controlled crack growth

' regime.
.

A typical R curve produced with the SSC technique is illustrated in
Fig. 2. We R curve format of Fig. 2 is in accordance with that of ASTM
Standard E813, i.e. , JIe, the initiation elastic-plastic fracture tough-
ness, is Jefined by the intersection with the blunting line of the linear'

regression fit to the data between the 0.15- and 1.5-me exclusion lines.
i The use of linear least-squares fit stems from the multispecimen nature of'

- ASTM E813 where a minimum of only four data points are required. Thus,
with only a few data points, the nonlinear nature of the R curve cannot
be evaluated. For this study, we used the procedure proposed by'

Loss et al.,17-18 whereby a power law, J = C(Aa)N, is fit to the data
i between 'the 0.15- and 1.5-mm exclusion lines with the constants C and N
| chosen to optimize the curve fit. He initiation fracture toughness, Jic,
! is defined with this procedure as the intersection of the power law

R curve with the 0.15-mm exclusion line as indicated in Fig. 2. J e, asI

defined by the two methods, is nearly identical for nuclear grade pressure
vessel steels. In addition to more closely describing the nonlinear
behavior of the R curve, the power law JIe definition provides a con-
sistent means for determining the initiation toughness when fast fracture,
i.e., brittle fracture by a cleavage micromode, occurs prior to develop-
ment of a full R curve. To address this cleavage phenomenon, the power

~ 1aw method classifies the R curve into three types: types A, B, and.C.,

I With type A, failure occurs before the slow ductile crack extension is
! sufficient to cross the 0.15-ma exclusion line. In this case, Jie is

taken as the value of Jg at failure. Type B covers cases where testing
was terminated by fast fracture af ter ductile crack extension exceeded

4

i
the 0.15-am exclusion line, but prior to reaching the 1.5-an exclusion
line. In this case, a power law is fit to the available data and JIe is
taken as the intersection of the fit with the 0.15-am exclusion line.
Type C covers cases where the R curve extends beyond the 1.5-me exclusion
line.

,

. . . . . .
. . .. .. ..,,, e

vnm sness . ,i.
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1 Another effect resulting from the nonlinear nature of the R curve is
that the tearing modulus is not constant as was originally envisioned by
ASTM E813. For comparison-purposes and consistency with ASTM E813, a
single value for the tearing modulus (Tavg) can be computed from the power
law equation for type C R curves. 'lhe tearing modulus is. defined as:

T= g, (5)E
2og da

where of = (yield stress + ultimate stress)/2.

To obtain an average value for the slope of the power law R curve,
the power law equation is fit in closed form with a linear regression .of
the form J = Jo + (dJ/da)Aa,to that part of the curve lying between the
exclusion lines. ' Ibis technique is directly analogous-to the E813 method
of fitting-a linear line to the discrete data points. However, fitting
the power law equation has the effect of including an infinite number of
points. Little difference in magnitude is observed hetween the values of
T obtained by the two techniques.

The power law and E813 methodolo les produce similar results in
regions covered by the E813 standard. 9-20 The procedure is to convert
the elastic-plastic JIe power law initiation toughness. to a quasielastic
KJe value using the following relationship:

KJc = [EJIe]0.5 (6)
'

ASTM Standard E813 gives an equation for converting JIe to KJc, which
incorporates a plane-strain term. Equation (6) is identical to the E813
equation, but with the plane-strain term removed. This term was removed
because in this program specimens tested in the upper transition region
and those tested on the upper shelf experienced net section yielding.
Such behavior is closer to plane stress than it is to plane strain. In
the lower transition region, however, the specimen through-thickness
constraint is greater and more nearly plane strain. .lhus, it is unclear'

just where one should use the E813 equation. Since most of 'the data
generated in this study were more nearly plane stress and for consistency
of presentation, all KJe values were calculated using Eq. (6).

At toughness icvels too great'to allow measurement of a valid KIe
with a small specimen, Kje values can be determined as stated above;
however, these -data tend to be of greater msgnitude than that which would
be obtained with a larger specimen capable of measuring the linear elastic
toughness level by E399 criteria. A similar observation was ande by
Irwin21 in that the plane stress fracture toughness (K ) overestimatese
KIc. Irwin developed an empirical relationshig2from which K e could beI
estimated once K was known. Recently, Markle has shown that reasonablee
estimates of KIe can be determined using KJe as a substitute for Kc. In
this study, Kje values in the brittle-to-ductile transition region were

'
7
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corrected to K6c using the Irwin-Merkle S c correction to provide anotherI

means of determining the shift to higher temperature of the brittle-to-
ductile transition with irradiation.

RESULTS - CHARFY TESTS

Charpy impact test results for unirradiated' specimens are summarized
Figs. 3 and 4 and Table 2. In Table 2 the results for the two labora-
tories can be compared. The means for the two laboratories are, in almost
all cases, within one standard deviation of each other, indicating good
reproducibility. There may be a tendency for the ORNL results to give
slightly higher energies in the transition region and MEA results to give

*

slightly higher energies in the upper-shelf region.. He standard devia-
tions do not show any consistent trends with laboratory, material, or
region of the curve. . They do, however, indicate the possible errors that
might be encountered if only a few tests are conducted in the transition
or upper-shelf regions. In Fig. 3 the results of fitting the data for
HSST plate 02 to all five Charpy curve expressions can be seen to 'give
-virtually identical transition temperatures and upper-shelf energies. The
greatest differences are in the lower- and upper-knee regions where there
are few data. In this plate material the upper shelf is very nearly a
constant value over a range of 150*C. he results of fitting data for

,

submerged-arc weld HSST 70W are presented in Fig. 4. In this case a
positively sloping upper shelf is indicated by the analysis. The transi-
tion temperatures, however, were almost identical for all fitting
expressions. These examples are typical of most of the analyses. The
only exceptions were for a few data sets where the distribution or
quantity of data were such that the fitting was affected. In both these
figures one can visualize the possible effects on the shape and position
of the curves if few tests had been conducted.
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Table 2. Comparison of Charpy impact test results for
unirradiated pressure vessel plate and submerged-arc

welds from ORNL and MEA

Test Mean ener57 6). J Standard deviation P' umber
temperature (o),J of testsy

('C) ORNL MEA Combined
ORNL MEA Combined ORNL MEA

A533 grade B class 1 (HSST-02)
-7 31.5 28.7 30.1 5.0 5.7 5.5 5 5
21 64.8 61.3 63.0 7.9 7.2 7.7 5 5
66 119.7 116.9 118.5 8.2 8.9 8.6 6 5i 149 143.0 135.6 139.6 5.8 4.9 6.6 6 5

204 138.4 138.3 138.3 5.1 10.6 8.1 6 5288 137.9 145.9 141.5 10.6 3.9 9.2 6 5

Submerged-are wid (HSST-6W)
-62 36.2 a 5.5 3 0-46 70.5 a 23.0 2 0
121 186.4 a 8.6 2 0
200 190.5 a 10.7 3 0
288 209.5 a 37.4 2 0

Submerged-aro w id (HSST-6 W)
-18 41.9 41.2 41.6 12.7 10.5 11.7 6 510 98.7 98.2 98.4 14.5 17.8 16.4 5 6
121 144.0 148.9 146.4 6.1 4.7 6.0 5 5204 143.0 151.2 146.7 6.7 4.0 6.9 5 4
2 88 147.8 161.3 154.6 1.5 8.5 9.1 5 5

Submerged-aro wid iHSST 7W)
-54 25.8 24.4 24.9 4.1 5.5 5.0 2 3-18 73.5 66.4 70.0 16.9 10.7 14.6 3 3
121 131.9 129.8 130.8 6.5 5.2 6.0 3 3204 131.9 140.1 136.0 7.1 7.8 8.5 3 3288 134.2 150.1 142.1 5.1 9.2 10.9 3 3

Submerged-ara wid (HSST 7N)
-9 38.0 37.3 37.7 8.1 2.0 5.9 2 2
10 60.6 58.3 59.7 11.5 6.3 10.0 3 2

121 99.4 97.2 98.3 10.2 5.2 8.2 3 3204 102.6 111.6 107.1 1.7 1.7 4.8 3 3- "

2 88 99.9 115.2 107.5 7.4 8.8 11.2 3 3

aNo tests by MEA.

9
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As stated earlier, fluences greater than 1 MeV, greater than 0.1 MeV,
and dpa were determined. However, in this study it was found that the
ratio of fluence greater than 0.1 MeV to fluence greater than 1 MeV was
3.629 with a standard deviation of 0.104 and tra ratio of dpa to fluence

greater than 1 MeV was 1.616 x 10-23 with a standard deviation of
0.024-x 10-23 In view of these standard deviations, any effect of

exposure parameter was undetectable and test results will be presented in
terms of neutrons of energy greater than 1 MeV.

Tensile strength changes, due to irradiation, are given in Table 3
(ref. 23). In Figs. 5 through 8, typical examples are presented of the
results of Charpy V-notch impact tests on the irradiated materials.
Inherent in the experiment is a fluence variation due to the fast neutron
flux gradients at the reactor. The standard deviation of fluence values
was about 30% of the.mean fluence for each material. Figure 5 presents
the results for the material, HSST plate 02, and a hyperbolic tangent
[ sloping shelf, Eq. (2)] fit for the mean fluence and in Fig. 6 a similar
fit for the submerged-arc weld HSST 71W. It can be seen in Figs. 7 -and 8
that the amount of scatter in the results is not exclusively a- result of

fluence differences. Power law functions were fitted to the data in these
figures and the best fit equations in these examples were

AT = 55.2(4/1023)0.443 (Fig. 7) ,

and

AT = 33.1(4/1023)o.206 (Fig. 8) ,
where

AT = transition temperature increase, *C, and

4 = fluence, 1023 2n/m , yi gey,

Table 3. Average tensile strengths

Average yield strength Average ultimate tensile
from 22 to 288'c strength from 22 to 288'c

Material (MPa) W a) Change,

(g) (g)
Unirradiated Irradiated Unitradiated Irradiated

Plate HSST-02 432 564 31 590 707 20

Weld HSST-68W 496 590 19 604 620 3

Weld HSST-69W 584 672 15 692 752 9

Weld HSST-70W 440 493 12 562 608 8

Weld HSST-71W 430 489 14 563 602 7

10
1
1
1
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Fig. 5. Charpy V-notch impact data for A-533 grade B class 1 steel
plate (HSST-02) before and after irradiation; fitted to hyperbolic tangent
(sloping upper-shelf) function.
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Fig. 6. Charpy V-notch impact data for submerged-arc weld metal
(HSST-71W) before and after irradiation; fitted to hyperbolic tangent
(sloping upper-shelf) function.

The exponents on neutron fluence given in the above e
withintherangeofexponentsobtainedinotherstudies.4guationsareHowever,
other exponents were tried in a sensitivity analysis and almost any
exponent gave nearly the same standard deviations. Attempts to fit a
power law function to the other transition temperature shif t data and
to the upper-shelf change data yielded exponents that ranged from greater
than unity to negative values (concave upward). These results were due i

to several factors: the scatter in the datn, the rather restricted
i

fluence range, and the low sensitivity of these " current practice" welds.

The results are, therefore, presented in Td te 4 in terms of mean
fluence, mean transition temperature increase, an '. mean upper-shelf
change. The plate material, having the greatest copper and nickel

11
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f contents, had the largest changes in both transition temperature increase
and upper-shelf energy decrease. Weld HSST 68W with both low-copper and'

low-nickel contents showed the smallest transition temperature increase
while the other three welds gave intermediate transition temperature
increases. Of interest is the observation that welds HSST 70W and 71W
with low copper and normal nickel contents had transition temperature
increases only slightly less than for weld HSST 69W, .thich had medium
copper and low nickel contents. The. upper-shelf. energy changes for the
f our welds are within the observed scatter of the data, and are probably
not significant.

~12
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Table. 4. Effect of fast neutron irradiation on Charpy
V-notch impact properties of plate and welds

(All values are means for the data sets)

Transition temperature
increase' Upper-shelf energy ' change

Cu NiFluence Average changeFluence
1023 n/mi Shift- 1023 n/mE (%) (%)

'('C) (>l MeV) (J) (%)(>l MeV)

Plate HSST-02
'

-2.04 68.2 1.76 -22.4 -16 0.14 0.67
Wald HSST-68W

1.35 6.0 1.14~ 17.3 9 0.04 0.13
Weld HSST-69W'

1.22 34.2 1.18 -4.2- -3 0.12 0.10
Wald HSST-70W .

1.65 30.9 1.69 .-13.1 -10 0.056 0.63

Wald HSST-71W

1.65 26.4 1.64 8.1 8 0.046 = 0.63

I
In Table 5 the transition temperature increases obtained in this

s tudy are compared to predictions from several trend curve formula-
; tions.1-6 In making this comparison, several factors must be considered:

; 1. The predictions of the trend curve formulations are largely or'

wholly based on surveillance results and represent lower fluxes and much
longer irradiation periods than for the present study.

2. The Regulatory Guide 1.99 (ref. 1) . was meant to be ionservative.

3. The values based on the Draf t Regulatory Guide (ref. 2) do not
include the " margin" specified in the draf t. -

-4. In several cases the tabulated predicted values are for compo-
sitions outside the limits given by the authors.

.

Considering the .above factors, there is fairly good agreement of
the present results with the several predictions.

1

l
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Table 5. Comparison of several radiation embrittlement,

predictive expressions with results of present study

!

; - Transition temperature increase. *C.g, ,,

Material 1023 n/m -2
,

3 RG 9b V-B P-Wd V-S-K8 GI(>l MeV) **[* RG 1.99a

!

| Plate HSST-02 2.04 68 83 68 75 61 66 66

Weld HSST-68W 1.35 6 26 229 -549 20 17 3

Weld HSST-69W 1.22 34 50 36 20 20 29 39

'

Wald HSST-70W 1.65 31 30 48 47 46 75 16

!
~

1.65 26' 30 39 20 38 73 10Weld HSST-71W*

aRef. 1, Regulatory Guide 1.99.
bRef. 2, Draft Regulatory Guide 1.99.

. ORef. 3. Varsik and Byrne.
d

,
Ref. 4, Perrin, Wu11aert, Odette, and Iombroso.

! 8Ref. 5, Varsik, Schloss, and Kosiol.

| [ Reg. 6, Guthrie.
90utside limits of applicability per author.

i

,

-
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RESULTS - FEACTURE TOUGHNESS TESTS

All side-grooved specimen J-R curves obtained in this study were
valid by ASTM E813 criteria and the agreement between MEA and ORNL data,
both in the transition and upper-shelf regimes, is excellent. J-R' curves
obtained from tests at 200*C are illustrated in Fig. 9 in the tearing
instability format.24 The solid curves result from the power law curve
fit plotted in terms of JM and T material (TMat). The data symbols
indicate crack extension at JIe (lower right), 0.5, 1, ' 1.5, .and 2 mm,
respectively. Extrapolation to larger values is not appropriate since
questions remain as to the validity of the data beyond approximately 2 an
of crack extension.

It is clear that for each material the J-R curves are generally
lowered by both irradiation and increased test temperature.' Note that
both the J 1evel, and to a greater extent the tearing modulus. - are
lowered.

I

! The effect.of temperature and irradiation on initiation toughness and
'

tearing modulus is illustrated directly in Figs ~10 and 11,. respectively.
All data for a given material condition were fit with a linear- regression - !
line. Only the line is plotted for clarity. - In general, both JIe and

14.
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T decrease with increasing temperature and with irradiation; however,8vg
the tearing modulus is more sensitive to irradiation. This is evidenced
by considering the average change indicated by each parameter for a given
material and condition. For instance, the initiation toughness of

plate 02, 'and welds 69W and 71W drop only slightly while the tearing
modulus for these same materials drops substantially. The inconsistent
behavior evidenced by the unirradiated JIe line for weld 68W is believed
to be due to data scatter.,

The fracture toughness behavior in terms of the quasielastic
parameter KJe is illustrated in Figs. 12 through 14. In these figures,
the solid line trend curves are the result of regression curves fit to'

.

'

all data points. On the upper shelf, a linear regression was used and
in the transition the data were fit with an exponential of the form
K e = A[exp(B temperature)] with the constants A and B chosen to optimizeJ
the fit. All shif ts in transition temperature were calculated using the
exponential curve fit equations.'

Data for plate 02 material are depicted in Fig.12. This material
had the highest levels of both copper (0.14%) and nickel (0.67%) and the
KJc data indicate the greatest shift in the transition temperature. There
is not, however, a corresponding large change in upper-shelf toughness.
Data scatter is low for this material, as would be expected in a homo-
geneous reference material such as plate 02.

i."""f ' . . -.. .
- . . . . . . . ,

on- m n u no . .

. :||t:: :::t:".
dd o

" ~
J

. .

Fig. 12. Variation
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i

g j g
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5
, ,5 plate 02 material with

- ns test temperature and

g irradiation.
. + + - .

niiM.0 UN'
*

i . . . . . . . .
, ,
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Weld 68W had the lowest copper (0.04%) of all five materials and a
low nickel content (0.13%). As illustrated in Fig.13, this material also
showed the least radiation effects. .The shift in transition temperature
(~6'C) is almost insignificant when compared. with that for plate 02.

| Figure 14 illustrates the behavior indicated. for weld 71W. This weld

i had essentially the same copper level (0.046%), but a tdgher nickel level
I (0.63%) than weld 68W. The transition shif t is relatively small compared

; with that for plate 02, but greater than for weld 68W.

|
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| The shif t in transition temperature for all five materials is
summarized in Fig. 15. In this figure, the shif t indicated by Charpy
V-notch test results can be directly compared with that of KJc and KJc was indexed at 125 MPa 6. ge.The CVN shift was indexed at 41 J and K

K8cwas indexed at 90 MPa a for all five materials. This Kge level roughly
- corresponds to' the Ste-corrected 125 MPa6 KJc index for all five
materials. Comparison of the CVN shif t with KJc, and Kge indexed at
90 MPa6 give similar results since the unirradiated and irradiated K

Jeand Kge transition curves are essentially parallel.

. It is clear in Fig. 15 that the transition temperature shift is
reduced by decreasing both the copper and the. nickel content. Reducing
either one . separately does not produce as substantial a change -in the

i

shif t as reducing both. -Only the welds can be compared directly. The
highest shift is evidenced by the data from weld 69W with the highest
copper and lowest nickel, thus . indicating that copper alone has a
substantial effect.- However, increased nickel with lowered copper

,
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(welds 70W and 71W) also produces a substantial but lesser shif t. The
lowest shift was produced in weld 68W where the percentage of both
elements was reduced. Although the magnitude of the transition tempera-'

ture shift varies somewhat for each indicator, all three support these
observations,

i
The results of this irradiation effects study are summarized in-

Table 6. Primarily, the J-integral results have indicated that reduced
levels of copper and nickel will, reduce the effect of radiation on the

i behavior of the brittle-to-ductile transition and will reduce the
degradation of the upper-shelf 1: earing modulus. Significant decreases

;

(>25%) in the tearing modulus were observed in all materials with either
copper or nickel contents above those of the weld having the lowest. levels
of these elements. Only when both elements were reduced was the tearing
modulus degradation reduced. In terms of initiation fracture toughness,

JIe, the upper-shelf level was essentially insensitive to all variables,
i.e. , radiation, copper content, and nickel content appeared to have
little or no effect. The transition region, on the other hand, was
substantially more sensitive to these variables. Variations were obseried
that appear to be directly related to changes in either the copper or
nickel content. ' Only when both elements were reduced was the shif t *.a

the KJe brittle-to-ductile' transition minimized.

Another observation is made regarding the shape of the K e transition
~

J
curve before and af ter irradiation. When either.small or-large shifts
occurred, the shape did not appreciably change. This observation is
significant since estimates of the K e shif t currently are based on theI
assumption that there is no shape change. Historically,- the CVN transi-

I
tion curve shape has changed with shif ts to higher. temperature. In this.

L study with ITCS specimens, the data indicate that the- fracture toughness,

KJc, . curve does not follow this pattern.

18
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Table 6. Summary of material properties after irradiation |

Transition temperature Upper-shelf
Tearing,

Fluence increase . change
Material. n/m2 x 10I3 1('C) (1)are chang

(%) CVNb d d CVN Kyc4Kje Kge

Plate RSST-02, 2.0 31 68 79 68 -16 -15 -54
0.14% Cu, 0.67% Ni

Weld HSST-68W. 1.4 19 6 6 -4 9 -7 -5
0.04% Cu, 0.13% Ni,

Weld HSST-69W 1.2 15 34 43 40 -3 -8 -32
0.12% Cu, 0.20% Ni

Weld HSST-70W 1.6 12 31 26 23 -10 4 -31
0.056% on 0.63% NL

Weld HSST-71W 1.6 14 26 22 -- 8 -6 -32
j 0.046% Cu, 0.63% Ni

) %verage' change.

DIncrease at 41-J index.
JIncrease at 125-MPa 6 index.

dIncrease at 90-MPa 6 index.

Charpy V-notch data, in general, indicated transition temperature
shif ts that agree well with the shif ts from the fracture toughness tests.
The CVN upper-shelf changes also agree well with that indicated by the
f racture toughness data, except for the case of plate 02. For plate 02,
Charpy data indicated 'a moderate shelf drop, as did the initiation
f racture toughness data; however, the tearing modulus from the J-R tests
dropped by roughly 50%.

Additional details.on this irradiation series may be found in
refs. 25 and 26. Additional statistical analyses will be made when the

i final tests are completed.

CONCLUSIONS

I
1. There was ~ excellent agreement between the results . from the two

laboratories, ORNL and MEA.

2. All five Charpy curve fitting equations gave nearly identical
transition temperatures and transition temperature shif ts.

3.- Upper-shelf energy. determinations should consider a possible !
sloping shelf. )

i
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| 4. A small data set can lead to erroneous conclusions regarding
j irradiation-induced changes of both transition temperature and upper-

shelf energy.

I 5. The several trend curve formulations were in general agreement
with Charpy specimen results of the present study.

;

6. Upper-shelf elastic-plastic initiation fracture toughness is

j essentially insensitive to radiation damage for the current production
practice welds characterized in this study.

7. Transition temperature shif ts to higher temperature with radia-
,

- tion are directly related to the copper and nickel content of the material
with copper producing the greatest effect.

8. Upper-shelf initiation fracture toughness and tearing modulus
are inversely proportional to temperature.

9. Irradiation degradation in tearing modulus is related to the
i

copper and nickel content of the material.

10. Transition temperature shif ts indicated by the CVN data indexed
| at the 41-J 1evel correlate well with the fracture toughness indicated
; shif t for these materials.
|

| 11. Submerged-arc welds with both low copper and low nickel contents
show essentially zero radiation embrittlement.

FIFTH BSST IRRADIATION SERIES

| The primary objective of this program (Fif th HSST Irradiation Series)
| is to obtain valid fracture toughness (KIc) curves to as a high a level as
'

practical for two nuclear pressure vessel materials irradiated at 288'C.

Currently, estimates of the KIe curve shif t are based on results from
i Charpy impact testing with the assumption that the shif t of a Charpy

-

| toughness curve to higher temperatures can be applied directly to a KIe
curve. To test this assumption, this program includes Charpy V-notch'

impact test specimens and drop-weight test specimens in addition to the
compact fracture toughness specimens. Tensile specimens are included in

-

the program to provide data for determining-test parameters for the
f racture toughness tests and for analysis of the fracture toughness data.

Irradiation and material parameters were chosen to (1) provide sig-
nificant separation of unirradiated and irradiated properties -(i.e., a
significant radiation-induced temperature shif t of toughness properties),
(2) represent, as closely as practical, materials used in early nuclear
pressure vessel construction (high copper and nickel contents), and
(3) permit program conclusion in a reasonable time period. The chosen
irradiation parameters are an irradiation temperature of 288'C .(550*F)

and a neutron fluence of 1.5 x 1023 neutrons /m2 (>l MeV). The chosen
materials are submerged-are weldsents of .0.23 and 0.32% Cu content

|
t
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(0.60% Ni in both' weldsents). The predicted temperature shifts of
f racture toughness _ for these two weldsents are 86 and 121*C, respectively,
for the above irradiation parameters. The lower bounds (95% confidence

'

level) are 58 and 93*C, respectively. These predictions are based on the
Metal Properties Council analyses 27 of weld metals irradiated in test,

reactors.

The program plan provides sufficient numbers of specimens to permit
meaningful statistical analyses of test results.

MATERTALE

In order to provide as uniform a test material as possible,
submerged-arc weldsents were fabricated using two special heats of AWS
type EF-2 welding wire with copper added in the ladle to achieve the two,

levels of copper . content. One lot, well mixed, of Linde 124 flux was used
f or all the welds. The weldsents were fabricated and stress-relievedI

ac, cording to commercial practice. The base plate for the weldsents is a
single 220-mm-thick plate of SA-533 grade B class 2 steel. The submerged-
arc welding was done by the _ tandem-arc, alternating-current procedure<

j using a O' bevel weld groove. The width of the deposited weld metal is
i about 30 mm. All welds were stress-relieved at 607"C for 40 h. Abouti 14 lin a of each weldment were fabricated for the program.

'

SPECIMEN COMPLEMENT

| The largest practical- compact (KIc) specimen that can be irradiated
j is a 4TCS specimen. The irradiated yield stress will be about 620 MPa

(90 kai), resulting in a valid fracture toughness (Kre) measuring capacity1

'

of 130 MPa/m (120 kai/in.). To achieve this toughness level in the
unirradiated specimens, having a yield stress of about 480 MPa (70 kai),

j requires BICS specimens and these are provided for in the program.
Smaller fracture toughness specimens are provided for measuring toughness
at lower levels, obtaining KJc values for predicting test parameters

i f or the larger specimens, and obtaining data for comparisons of KIe andKc results. A series of irradiation capsules will contain a total ofJ
16 each 4TCS, 36 each 2TCS, 60 each ITCS,112 each Charpy-V, 32 each;

j drop-weight, and 28 each subsize tensile specimens, divided _ equally
between the two materials. Sufficient numbers of unirradiated specimens,

will be tested to provide base line properties. The numbers of specimens|
are based on consideration of statistical analysis requirements -and the
constraints of the irradiation facility. Sufficient weldments are;

; available for fabrication of additional unirradiated specimens, if found
; necessary.

IRRADIATION CAPSULE DESIGN AND OPERATION
4

| The Fif th HSST Irradiation Series consists of a total of 12 capsules
to be irradiated in the poolside facility of the Oak Ridge Research
Reactor (ORR). Neutron dosimetry studies in the facility were conducted'

in a dummy capsule and a prototype of the 4T capsules was operated in the
f acility to obtain neutron and gamma heat parameters for final experiment

!

'
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i

!

design. .A steel gamma shield was ine'orporated into the facility to allow 1

control of. specimen temperatures. Neutron dosimeter sets are included in I

.

each capsule to verify the exposures.

The first two 4T capsules were installed in the irradiation facility
and, following extensive checkouts of ' both the capsules and the facility
instrumentation, the irradiation facility was inserted and irradiation
began on May 11, 1984. The desired 288'c irradiation temperature was
maintained at the quarter-thickness points at the specimen crack fronts.
Due to the heat flow patterns in these specimens, temperatures at the

j center of the crack fronts were 2 to 3*C higher and at 8 mm from the ends
of the crack front were 7 to 12*C lower than at. the quarter-thickness

I points. This temperature gradient is due to the gamma heating in these
i massive specimens and would have been greater except for the' use of steel

gamma shields. (We are .able to orient the small specimens to reduce the
'

temperature gradients along the crack front to very small values.)

4

Af ter 30 equivalent full-power uays of irradiation, the capsules were
rotated on June 11, 1984, and, af ter an additional 30 days, the

.

irradiation was terminated on July 21, 1984. The temperature control
during irradiation was very good. The desired 288'C at quarter-thickness
position was easily maintained. The recorded temperature data are
presently being reduced and average temperatures for all thermocouples, as
well as their variation with time, will be reported in the next HSST

] semiannual progress report.

The second set of 4T capsules began irradiation on August 16, 1984.
; The assembly of the small specimen (1TCS, Charpy, drop-weight, and
i tensile) capsules is almost complete and preparations for ~ the 2T capsules

are well under way.'

TEST FLAN
,

Two organizations, Materials Engineering Associates, Inc. , (MEA) and:

| Oak Ridge Nktional Laboratory (ORNL) will participate in the testing
' p rogram. Because of testing equipment limitations, all testing of

irradiated 4TCS specimens-and unitradiated 6TCS and 8TCS specimens will
be conducted by MEA and all tensile tests will be conducted by ORNL. The

; sequence of testing will be:
,

1. materials characterization,
2.- testing of unirradiated Charpy V-notch, tensile, and drop-weight

s pecimens ,,

3. testing of unirradiated compact specimens, smaller specimens being
| tested first, and Kge tests preceding the large specimen tests,
! 4. testing of irradiated- Charpy V-notch, tensile, and drop-weight tests ,
f 5. testing of irradiated compact specimens, smaller specimens being
| tested first, and KJe tests preceding the large specimen tests, and
| 6. statistical analyses of results.

,
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FRACTURE PROPERTIES OF A NEUTRON-IRRADIATED STAINLESS STEEL

SUBMERGED ARC WELD CLADDING OVERLAY *

W. R. Corwin, R. G. Berggren, and R. K. Nanstad |
| Metals and Ceramics Division I
j Oak Ridge National Laboratory |

'Oak Ridge, Tennesseee 37831

ABSTRACT

The ability of stainless steel cladding to increase the
resistance of an operating nuclear reactor pressure vessel to

| extension of surface flaws depends greatly on the properties

| of the irradiated cladding. Therefore, weld overlay cladding
-

irradiated at temperatures and fluences relevant to power
'

reactor operation was examined. The cladding was applied to a
;

.

pressure vessel steel plate by the submerged arc, single-wire,
oscillating-electrode method. Three layers of cladding provided
a thickness adequate for fabrication of test specimens. The

I first layer was type 309, and the upper two layers were type 308
stainless steel. The type 309 was diluted considerably by
excessive melting of the base plate. Specimens were taken froa
near the base plate-cladding interface and also from the upper

;
' layers. Charpy V-notch and tensile specimens were irradiated

at 288'c to a fluence of 2 x 1023 neutrons /m2 (>t g,y),
When irradiated, both types 308 and 309 cladding increased

5 to 40% in yield strength and slightly increased in ductility
I in the temperature range from 25 to 288'C. All cladding
i exhibited ductile-to-brittle transition behavior during impact

testing. The type 308 cladding, microstructurally typical of
that in reactor pressure vessels, showed very little degradation
in either upper-shelf energy or transition temperature due to
irradiation. Conversely, the impact properties of the specimens
containing the highly diluted type 309 cladding, microstruc-
turally similar to that produced during some off-normal welding'

! conditions in existing reactors, experienced significant
f increases in transition temperature and drops of up to 50% in
j upper-shelf energy. The impact energies of the Charpy specimens

containing the type 309 layer strongly reflected the amount of
the type 309 actually in the specimen, falling into two distinct

i high- and low-energy populations with the low-energy population
corresponding to a higher fraction of type 309 in the specimen.

*Research sponsored by Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission under Interagency Agreement DOE 40-551-75

'with the U.S. Department of Energy under Contract No. DE-AC05-840R21400
with the Martin Marietta Energy Systems, Inc.

,
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INTRODUCTION
|

|

It has been proposed that the existence of a tough surface layer of |

weld-deposited stainless steel cladding on the interior of a reactor |
pressure vessel (RPV) can keep a short surface flaw from becoming long, '

either by impeding the initiation of extension of a static flew and/or byi

arresting a running flaw. To obtain preliminary material properties typi-
cal of those needed to make such an evaluation for light-water reactors
(LWRs), a program has been established to obtain data on the degradation
(or lack thereof) of the fracture properties of stainless steel weld
overlay cladding. A recent review of the literaturel has indicated that

"

fracture properties of stainless steel weld metal can degrade signifi-

,
cantly under irradiation conditions relevant to LWRs. To evaluate this

! potential degradation, tensile, Charpy .V-notch, and precracked Charpy
specimens of stainless steel weld overlay cladding were irradiated to

about 2 x 1023 neutrons /m2 (>l MeV) at 288'C. The results of tensile and
'

Charpy V-notch tests are reported here and compared with the properties of
unirradiated cladding.

4

MATERIALS

The specimens were all taken from a single laboratory weldsent
fabricated by the automated single-wire oscillating submerged are proce-
dure for a companion program investigating structural effects of stainless
steel cladding on composite four point bend specimens.2,3 The weldsent
consisted of a lower layer of type 309 stainless steel deposited on A 533
grade B class 1 plate, followed by two upper layers of type 308 stainless
steel cladding.

i

i

The welding wires for both the types 308 and 309 stainless steel were
4 mm in diameter and chosen to be representative of cladding formerly,

'

applied in industry. The cladding was deposited on plates that were
; 114 mm thick by 406 mm wide by 914 mm long to minimize distortion and
'

provide an adequate heat sink. The clad plates were then postweld heat
treated (PWHT) at 621*C for 40 h to represent commercial practice.

The single-wire oscillating submerged are welding process used
involved a preheat temperature of 121*C and an interpass temperature below i

288'C. The welding parameters were as follows:

1. wire extension, 27.0 mm;
2. oscillation width,'19.0 mm;
3. frequency, 0.3 Hz;
4. de, 500 A; '

5. de straight polarity voltage, 36 V; and
6. forward travel speed, 2.1 mm/s.

The three layers of cladding were applied to provide adequate
cladding thickness (~20 rz) to obtain test specimens. The material

i

compositions of each layer of weld metal are given in Table 1. This i

,
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1

,

Table 1. Chemical composition of overlay weldsents

i

Contenta (wt %)
Layer

C Cr Ni Mo Mn Si Co Cu V Al- Ti P S

Lower 0.145 13.46 6.90 0.47 1.47 0.56 0.066 0.14 0.02 0.014 <0.005 0.018 0.01
$$ '

Middis 0.081 18.52 8.81 0.27 1.47 0.70 0.092 0.10 0.04 0.010 <0.005 0.021 0.01

Upper 0.065 20.01 9.36 0.21 1.49 0.76 0.100 0.09 0.04 0.16 0.006 0.022 0.01

aBalance Fe, with Nb, <0.01; Ts, <0.01; As, <0.03; and B, <0.001 for all layers.

4

4

i

. _



contrasts with typical commercial practice, in which a single layer of
overlay approximately 5 mm thick is applied by either multiple wire or
strip-cladding submerged are procedures. Subsequent metallographic
examination showed that the upper layer appeared typical of LWR stainless
steel overlay, whereas the lower layer had incurred excessive dilution as
a result of base metal melting during welding. Photomicrographs of the
three passes illustrate the radically different microstructures in the
finished weldment. The upper pass (Fig. 1) shows a distribution of
6-ferrite in an austenite matrix quite typical of microstructures seen

vessels.gractice commercial weld overlay cladding in reactor pressure
in good

The effect of the 40-h FWHT on these materials is to partially
transform the 6-ferrite to sigma phase. Although this is difficult to
resolve in the optical micrographs, magnetic etching with ferrofluid, the
use of a colloidal suspension of magnetic particles in the presence of a
local magnetic field,5 and color staining techniques verified that the
partial transformation had occurred.
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Fig. 1. The microstructure of the top layer of type 308 stainless
steel weld overlay is typical of reactor pressure vessel cladding with
6-ferrite in an austenite matrix.

The lower and middle layers of cladding, on the other hand, formed
atypical aferostructures as a result of the excessive dilution (approxi-
mately 50%) by the base metal and lower pass weldsent, respectively.
Amounts of dilution in good practice cladding are typically in the range
of 10 to 25%. The middle layer (Fig. 2) contains 6-ferrite dispersed in
austenite but in addition contains limited regions in which martensite

is also present. The bottom layer had sufficient dilution to move it
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Fig. 2. The middle layer of the overlay (type 308 stainless steel)
includes patches of martensite (light gray) in addition to the 6-ferrite
in an austenite matrix.

6entirely from the 6-ferrite-forming region of the Schaeffler diagram
and into the austenite plus-martensite region (these are the dominant
phases). Examination of its microstructure (Fig. 3), however, shows three
distinct regions. The use of the ferrofluid magnetic etching technique
and studies in the transmission electron microscope verified the lightest

regions to be austenite, the light gray regions tempered martensite, and
, the dark regions 6-ferrite decorated with H C23 6+

Although the investigation of high-dilution cladding was not the
initial aim of the cladding studies, it may well be highly germane to the
question of the effects of cladding on RPV integrity. High base metal

,

1 dilution of cladding, caused by inadequate control of welding procedures,
7and the resulting microstructures have been documented ,8 in commercial

RPVs. Typically, the resulting material has poorer mechanical and/or
corrosion properties in the unieradiated condition; no information is
available on the irradiation damage of such material. The inclusion of

i

| such material may provide insight into the behavior of substandard weld
overlay cladding representative of irradiated material actually in the

j field.

To examine the effects of the varying microstructures, two sets of
tensile and Charpy V-notch specimens were carefully fabricated to be con-
tained as fully as possible within either the upper two layers (nominally
type 308 specimens) or the lower layer (nominally type 309 specimens).

30
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Fig. 3. The high base metal dilution of the lowest layer of cladding,
type 309 stainless steel, resulted in a three phase microstructure of
austenite (lightest region), martensite (light gray), and 6-ferrite deco-

rated with additional carbides (black).

All specimens were fabricated with the specimen axis parallel to the
welding direction. The Charpy specimens were notched on t.te surface
parallel to and nearer the base metal in all cases.

Ferrite numbers were measured on the finished Charpy specimens with
a Ferrite Scope, which locally measures the percentage of ferromagnetic
material in the sample. The nominally type 308 specimens consistently
had ferrite numbers of 2 to 6 (corresponding roughly to percentages of
ferrite), as did the portion of nominally type 309 specimens composed of
upper weld pass layers. The notched side of the nominally type 309
specimens closest to the base metal interface exhibited a wide range of
ferrite numbers from 2 to greater than 30 (off scale). This wide range
was presumably due to the volume of material over which the Ferrite Scope
takes a measurement and to the inclusion, in some cases where the amount
of type 309 weldment was thin, of some of the type 308 upper layer
cladding. Optical examination of the microstructure of the type 309
layer indicates the amounts of martensite and ferrite to be 30 to 45% and

| 10 to 15%, respectively.

|

|

|
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IRRADIATION HISTORY I, -

!

; The specimens were irradiated by Materials Engineering Associates
in the core of the 2-MW pool reactor (UBR) at the Nuclear Science and 1

| Technology Facility, Buffalo, New York. Two separate capsules were used,
one each for the types 308 and 309 stainless steel specimens. The
capsules were instrumented with thermocouples and dosimeters and were

; rotated 180* once during the irradiation for fluence balancing. The
' capsule containing the type 308 specimens reached an average fluence of

2.09 x 1023 neutrons /m2 (>1 MeV) i 10% during 679 h of irradiation. The
capsule containing the type 309 specimens reached an average fluence of
2.02 x 1023 neutrons /m2 (>l MeV) i 5% in 508 h. The fluences are for a
calculated spectrum based on Fe, Ni, and Co dosimetry wires. Temperatures
were maintained at 288 1 14*C except for the initial week of irradiation.
During that time, temperatures as low as 263*C were recorded for the
type 308 specimens.

,

!

RESULTS AND DISCUSSION'

I Tensile testing was conducted at room temperature,149'C, and 288*C.
Irradiation increased the yield strength of the type.309 specimens by
30 to 40%, whereas the increase of the type 308 specimens was only;

' 5 to 25% (Fig. 4). Surprisingly, the total elongation and reduction of
4 area of both materials increased during irradiation (Fig. 5). Tensile

properties are detailed in Table 2.

The effect of irradiation on the Charpy impact properties of the
type 308 weld metal representative of typical weld overlay cladding was

1 relatively small (Fig. 6). Only a very slight upward shif t in transition
temperature (~15'C) and drop in upper shelf (<10%) were observed. It

j,
should be noted for both the control and irradiated specimens that Charpy
curves more typical of ferritic materials than of austenitic stainless

j steel were observed with respect to the abrupt transition from high- to
low-energy fracture. Fracture surfaces of selected specimens werei

examined in the lower transition and upper-shelf regions. Macrographs
of the irradiated type 308 specimens tested at temperatures low in the,

{ transition show flat fracture with clear definition of some of the large
grains produced during welding (Fig. 7). By comparison, specimens ati

upper-shelf temperatures produced fracture surfaces more typical of:

! wrought stainless steel with deep shear lips and a dull appearance.
Scanning electron microscopy (SEM) of unirradiated specimens tested in the

! . lower transition and upper-shelf regions clearly show the transition from

acleavageorquasicleavagetoafibrousfracturemode(Fgg, 0 )ho have8. This
behavior compares well with the work of other researchers, w

,

i shown that fully ductile fracture occurs in as-welded austenitic weld
| metal as low as 4 K but that quasi cleavage can occur in weld metal that

has received a PWHT in the temperature range in which carbide precipita-
tion and signs formation occur. Studies on veld metal examined here indi-
cate that the fracture path preferentially fo11ove the ferritic phases.

..
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Table 2. Tensile properties of stainless steel cladding before
and after irradiation at 288 i 14*C

Fluence, Test Strength W a) Total ' '

Material b>l MeV temperature elongation of areaSpecimen atype of,2) (*C) Yield Ultimate (%) (%)

CPL-80 309 0 27 299 593 28.4 30.6
CPL-83 309 0 27 273 586 49.5 55.5
CPC-72 308 0 27 268 589 40.0 55.0
CPC-73 308 0 27 276 568 42.4 58.0

23 29 388 606 39.4 48.0CPL-81 309 2.0 x 10

CPL-85 309 2.0 29 364 624 45.4 58.0
CPC-70 308 2.1 29 289 605 51.5 62.3
CPC-75 308 2.1 29 300 589 60.1 67.1
CPL-86 309 0 149 213 448 31.9 55.5
CPL-89 309 0 149 236 450 30.4 63.4
CPC-77 308 0 149 221 445 31.3 44.0

g
8' CPC-78 308 .0 149 213 444 32.4 52.0

CPL-82 309 2.0 149 297 508 57.2 57.9
CPL-87 309 2.0 149 345 526 48.6 60.4
CPC-71 308 2.1 149 290 501 56.3 59.3
CPC-76 308 2.1 149 262 485 53.8 58.1
CPL-90 309 0 288 195 429 31.7 51.5
CPL-91 309 0 288 207 423 32.4 52.2
CPC-79 308 0 288 205 393 28.5 51.4
CPC-80 308 0 288 205 402 27.6 53.3
CPL-84 309 2.0 288 277 475 52.9 56.6
CPL-88 .309 2.0 288 290 501 56.3 59.3
CPC-74 308 2.1 288 198 422 51.9 55.0
CPC-81 308 2.1~ 288 232 427 49.5 59.8

4

Type 309 consists primarily of the first metal pass, type 308 primorily the thirdG

(last pass).

hGage length / diameter = 7.

.

4

_ - - _ _ .



.

1#
| | | |- 1 I I I I

90 - -

80 - -

# #, *
,

___s-_"_,_.-#7o -

,

,m - f, -

o

j,o /
__

u /
,o _ o a _

j

ao _ / -

"A
% * UNIRRADIATED _20 -

, j
O---- O 1RRADIATED-

lo - # -

' l i I I I I I I |
_

-150 -100 -so o so too 150 200 2so soo

TEMPERATURE ( C)

Fig. 6. Effect of irradiation on the Charpy impact energy of-
type 308 stainless steel cladding.

At low temperatures the fracture appears typically to follow the 6-ferrite
in both the type 308 and 309 veld metals, going through the austenite or
martensite only where necessary to reach the next 6-ferrite island. On
the upper shelf this does not occur because the fracture is no longer
dominated by the ferrite but passes through austenitic and ferritic phases
with equal ease. Therefore, the failure of ferrite at low temperature,
resulting from its inherent ductile-to-brittle behavior, appears to govern
the macroscopic transition-type failure behavior of the austenitic weld
metal.

The interpretation of the impact results of the nominally type 309
specimens is more complicated. Since the type 309 weld pass was not
thick enough to obtain specimens composed entirely of type 309 weld metal,
a portion of all the specimens nominally called type 309 is indeed
type 308. Macrographs of the irradiated specimen fracture surfaces show
that over the range of the full Charpy curve, the portion composed of
type 309 weldment remains bright and faceted (Fig. 9). The remainder
of the fracture surface, composed of upper cladding layers of type 308 weld
metal, exhibits the same behavior seen la the fully type 308 specimens.
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Fig. 9. Fracture surfaces of irradiated stainless steel cladding :

.
Charpy impact specimens (nominally type 309) clearly showing the bright

| faceted type 309 weld metal directly below the notch and the duller
type 308 weld metal composing the rest of the specimen. (a) Specimen
CPL-515 tested at 0*C in the very low transition region. (b) Specimen
CPL-518 tested at 250*C on the upper shelf.
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Scanning electron microscopy of an unirradiated specimen from the
,

lower transition range (Fig. 10) illustrates the very different fracture
morphology of the type 309 weld metal just below the notch and the rest of;

the the fracture surface composed of type 308 weld metal. The type 309 is
very flat and formed predominately by cleavage (Fig.11) at a temperature

| (-32*C) at which the type 308 weld metal is still mixed mode (Fig.12).
' At upper-shelf temperatures, although the type 309 and 308 weld metals

can still be distinguished in the SEM, both fail in a fibrous manner
(Fig. 13).
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g
'''# 's --
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iFig. 10. Scanning electron micrograph of fracture face of unirra-
diated Charpy specimen CPL-516 (nominally type 309 stainless steel) tested
at -32*C in the transition region. The dimpled area at the left is the

| specimen notch, the central flat portion is the type 309 weld metal, and
I the rough portion at the right is the first type 308 weld pass.

l

In the nominally type 309 specimens, interpreting the Charpy impact,

curves demands that the dual fracture properties of the type 308 and 309
portions of the material be taken into consideration. Examination of the
fracture surfaces shows clearly that the type 308 weld metal has a lower
transition temperature than does the type 309. Examining the impact data
reveals a bimodal population related to the amount of the tougher type 308
weld metal present in the sample. The more type 308 in the specimen, the
lower the apparent transition temperature of the specimen. The compila-
tion of the unirradiated and irradiated impact data in Tables 3 and 4,
respectively, includes the percentage of type 308 weld metal measured
visually on each fracture surface. By using this percentage as a cri- |
terion, the impact data were divided into low- and high-energy populations.

I
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Fig. 13. Scanning electron micrograph of the fracture surface of
unirradiated nominally type 309 stainless steel Charpy specimen CPL-524
tested at 177'C on the upper shelf. (a) Low-magnification view of the

notch, the type 309 weld layer, and the type 308 weld layer, each consti-
tuting roughly.one-third of the micrograph from left to right. (b) Detail
of the type 309 weld layer showing fibrous fracture.
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The most appropriate criteria for separating the low-energy populations
were arbitrarily chosen to be -less than 70 and 80% type 308 weld metal for
the unirradiated and irradiated data sets, respectively (Figs. 14 and 15),
because these produced the most distinct difference between the data sets.

,

|
|

Table 3. Charpy impact energy of unirradiated
nominally type 309 stainless steel cladding

4

" ""
Test Impact type 308

Specimen temperature energy weld metala
( C) (J) (g),

bLow-energy population

CPL-516 -32 9.5 65
CPL-530 -30 12.7 65
CPL-534- 10 33.4 60,

! CPL-514 20 28.5 65
CPL-545 ~50 36.2 60
CPL-542 66 34.6 55
CPL-517 93 67.1 60
CPL-524 177 80.3 60
CPL-522 260 72.3 40

i

| High-energy population8

CPL-519 --100 5.4 85

i CPL-539 --73 6.9 75
! CPL-520 -40 12.9 75

CPL-540 -30 11.5 75
CPL-529 -4 44.7 95
CPL-532 -4 54.2 95
CPL-547 -4 30.5 70
CPL-544 10 65.1 100

: CPL-527 20 .63.0 .80
| CPL-535 50 83.9 80

CPL-525 66 69.2 80
CPL-537 150 93.3 70,

1 CPL-549 150 94.9 70

aAs measured'on the fracture surface.
bLess than 70% type 308 weld metal.

At least 70% type 308 weld metal. |C'

}

}
1

|
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Table 4. - Charpy impact energy of nominally
type 309~ stainless steel cladding irra- 1'

diated to 2 x 1023 2neutrons /m |
(>l MeV) at 288'C j

|

" ""
Test Impact;

,,{$,alaSpecimen- temperature energy

bLow-energy population

CPL-515 0 10.8 60
CPL-543- 40 17.0 75
CPL-541- 65 25.1 65
CPL-548 85 15.6 40
CPL-521 100 25.1 60
CPL-523 150 40.7 65
CPL-518 250 42.7 70
CPL-528 288 36.6 75

.

0High-energy population

CPL-533 -20 12.0 80
CPL-538 0 21.7 90;

i CPL-526 28 40.7 100
CPL-531 80 54.2 95
CPL-546 120 51.5 80

| CPL-536 130 56.9 85

aAs measured on the fracture surface.;

bLess than 80% type-308 weld metal.
O

| At least 80% type 308 weld metal.
|

Once these populations within the type 309 data were established, the
effect of irradiation was seen to be quite appreciable (Fig.16). Both
populations experienced large drops in upper-shelf energy of up to 50% and
shifts in transition temperature of up to 100*C.

The extensive toughness degradation seen in the type 309 material as
compared with very' little in the type 308 is probably due to the higher
-fraction of ferritic phases in the type 309 resulting from'the excessive
base metal dilution and their intrinsically higher radiation sensitivity.

:

44

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



. .._ . - . . . .

| | | | | | I -| |
N

00 -
-

e-

'. _ , t _

/
70 - f H -

Hi

_ 60 -
JH

-

f H
jgoo _ . , _

i ./w
40 - / -

LL
30 - H -

H -- H HIGH-ENERGY
20 -

POPULATION -

L L LOW-ENERGY
/ POPULATION ,,,,,,10 ' - *

H-
1 I I I | | | | 1

-150 -100 -50 0 50 100 150 200 250 300

TEMPER TURE NC)

Fig. 14. Charpy impact energy of the unitradiated nominally type 309'
stainless steel cladding divided into low- and high-energy populations
based on the fraction of type 308 weld metal in the specimen ligament.

;

""
1 I I I I I I i |

g H********h HIGH-ENERGY POPULATION_
_

L= ---L LOW-ENERGY POPULATION

m -
-

.*..H"************Hac -
,

5 *
4 .
i y L-

H, L t."g so p
1 /
", /*

-
-

L /L.

H >/m -
_

: L

H-
.*** L-to - -

'

I I I I I I I l I-o
-soo -teo -too -se o ao too iso aco ano ano

TEMPERATURE PC)

Fig. 15. Charpy impact energy of the irradiated nominally type 309
stainless steel cladding divided into low- and high-energy populations,'

based on the fraction of type 308 weld metal in the specimen ligament.;

i

45

- -. , ., . - - - - . - . , . . - .. .,- - ,, -



. _ .. .- . _ ..

i

i

|
,

I
L

'O
I I I I I | | | |

, . LOW-ENERGY HIGH-ENERGY
!- POPULATION POPULATION

90 -

UNIRRADIATED
_| - - - -

~

*

IRRA01ATED /
---- ............

ao -
-,

yo -

1

so - -

s ,,.. .............
_g50 - ..- -.

1 g ,-
**

;

40 -
.

=== """ -"
, -p

/*

/30 -
*

-
,

|.

20 - / -

-.

.- /
j 10 - .***
' d

I O
-200 -150 -100 - 60 0 50 100 150 200 250 300

i TEMPER ATURE (*C)

! Fig. 16. Effect of irradiation on the Charpy impact energy of high-
; and low-energy populations of the specimens of nominal type 309 cladding.

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

] On the basis of irradiation of one weldsent of stainless steel
1 overlay at a temperature and fluence similar to those at end of life for

an LWR, very little degradation of the notch-impact toughness displayed
i by good quality cladding would be expected. In fact, both the tensile
| strength and the fracture ductility were improved slightly by irradiation.

It must be stressed, however, that this is only a single case and that noi

| conclusions, positive or negative, can be drawn regarding welding proce-
| dures or compositions leading to material appreciably different from that
I studied here.
I
t

i It would be very valuable to repeat this type of experiment on
cladding overlays produced by other methods similar to those used for
existing cladding in LWR reactor pressure vessels (e.g., multiple wire or
strip cladding).

Results from the highly diluted type 309. weld metal do show appre-
ciable radiation-induced degradation of notch-impact toughness, even
though both the tensile strength and the tensile fracture ductility were

|
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L improved slightly by irradiation. In the few known cases where welding.'

.has' produced abnormal cladding with excessive dilution in operating reac-
tors, the radiation effects on notch-impact toughness may be cause for
concern..>

;
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1.0 INTRODUCTION

It has been established that synergisms can (and do) exist between
steel alloying and copper impurities in radiation sensitivity develop-
ment. A prime example is the modification, that is, enhancement, of
the detrimental effect of copper on 288'C radiation resistance by
nickel when nickel alloying is greater than ~ 0.4% Ni. This syner-
gism, although long suspect, was confirmed only in 1982. Prior to
this time, it was observed that low nickel, low copper steels offered
very good radiation resistance and increasing a steel's nickel content
to as much as 1% did not alter resistance capabilities. On the other
hand, high copper steels as a group exhibited marked sensitivity to
radiation-induced embrittlement. Sensitivity level was observed to be
even higher when nickel content as well as copper content was high,
especially in the case of weld deposits. Confirmation of the suspect
synergism was provided by tests of steel plates produced from split
laboratory melts (Ref. 1).

Two melts were made for the cited study. From one melt, a series of
four high copper content plates depicting a range of nickel contents
was obtained. The second melt provided materials with an intermediate,

j copper content but with similar variations in nickel. Charpy-V speci-
! mens from each plate were irradiated at 288'c with the results shown

in Fig. 1. As expected, the low copper materials exhibited a low
radiation sensitivity; increasing the copper content from 0.05% (low)
to 0.15% (intermediate) and finally to 0.25% (high) copper produced a,

!
progressive increase in radiation sensitivity as determined from the

f 41 J transition temperature elevation. More importantly, where the
j nickel content was high, the apparent sensitivity was greater in the

intermediate and high copper steels than where the nickel content was
low. Since the low copper steels consistently showed a low radiation
sensitivity, independent of the nickel content, the aggregate results
provide a clear confirmation of the copper-nickel synergism. Data for
a shielded metal are weld (0.05% Cu, 0.96% Ni) were included in Fig. I
to emphasize the independence of low copper steel performance on % Ni.
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Confirmation of the synergism was one reason for the NRC's recent
draft revision ' of Regulatory Guide 1.99 on the " Effects of Residual |
Elements on Predicted Radiation Damage to Reactor Vessel Materials." '

The confirmation also raised a new . issue of possible interactions
between copper impurities and other alloying elements such as manga-
nese, , molybdenum and chromium. Furthermore, a possible interaction
between . alloying and phosphorus content became suspicious. MEA has
undertaken studies . to explore both possibilities for the NRC. Dual
aims are to provide key information for msking further refinements to
Regulatory Guide 1.99 and for gaining a better understanding of *

certain power reactor surveillance data.

20 MATERIALS
-

t

A series .of . seven (4-way split) laboratory melts of steel were cast
and processed to plates as a means of obtaining statistical combina-

;
tions of specific impurity elements iad/or alloying elements. The
matrix focus is on binary and tertiary element combinations identified
by data bank reviews as having a high probability of correlation with
radiation sensitivity level. The primary base composition for melting f

was ASTM A 302-B or A 533-B. In gtneral, the materials matrix
reflects high/ low limits of the steel specifications for alloying.
Limits for A 508-2 forgings were also considered in setting alloying
combinations and composition ranges. Table 1 lists the compositions
of the 28 plates produced for the study.

Ingots were rolled to 15-num gage plates. These, in turn, were heat-
treated to microstructures typical of 150-mm or thicker plates at the
quarter-thickness location. Other details of melt processing and a
summary of preirradiation tensile strength for the plates are given in
Reference 2.

2.1 Material Irradiation

The study bases relative radiation sensitivity on comparisons of notch
ductility Ignd tgnsile strength changes wrought by a fluence of
~ 2.0 x 10 n/cm (E > 1 MeV) at 288'C. Specimen irradiations are
being performed in one in-core position of the 2MW pool reactor (UBR) ,

located at the Nuclear ~ Science and Technology Facility in Buffalo,
NY. To date, ' three of the four ' irradiation experiments planned for
the first ' phase ' investigation - have been completed; completion of the
fourth is expected by late 1984.

2.2 Experimental Findings

Data for melts 68 and 69 were presented to the 1983 NRC Water Reactor
Safety Research Information Meeting. In brief, these results showed i

that phosphorus has an influence on radiation sensitivity at 288'C, i

but its contr!bution is dependent on the s teel 's copper content |
(Fig. 2). The detrimental influence of phosphorus on sensitvity is
most pronounced when the copper content is low. While the effect of
phosphorus had been isolated earlier through a study of a phosphorus-
doped laboratory melt of A 302-5 steel (Ref. 3), more recent computer
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1

.,

; and1'yses .of 1 existing. data banks found ~ clear correlation betweenno
phosphorus content Land sensitivity level. . The present results provide 1

,
the - explanation. Information supplied to the. computer, by-in-large,*

!i consisted of results for low phosphorus, low copper steels and welds
: and high phosphorus, high copper steels. As a result, the proper

" mix" needed to reveal the inverse dependence shown by the laboratory
I results was absent. .

!~

i The current draf t revision of | Regulatory Guide 1.99 omits all refer-
-

[ ence to phosphorus content in its method for projecting radiation
j . sensitivity. The new .(improved, low copper) steels, ' on the other

[~ hand, can be expected ' to be influenced quite heavily by phosphorus
content.' Therefore, for new steels, phosphorus content should not be'

f ignored when projecting radiation sensitivity in service.

i Fortunately, data , are available - which suggest that the level of the.
phosphorus contribution is not dependent on nickel content as well
(Fig. 3).

During. the current: year (1984), MEA expanded the base of information -
with the development of postirradiation comparisons for 16 other

,

composition variations (that is, plates from melts 69, 70, 71, 72).
Results are summarized in Figs. 4 and 5.

; Referring to Fig. 4, the one group of- plates having phosphorus
j contents in the range' of 0.016 to 0.018% P showed a small sensitising

inf1 pence by a 0.021% tin content, compared to a 0.004% tin content.
Not shown in this figure, the effect of this impurity element was much

-

j more evident in the upper shelf reduction .by irradiation. The
; addition of 0.035% arsenic to the melt, on the other hand, produced no

[ change ~ in apparent radiation resistance. Likewise. - the addition - of
j 0 50% chromium did not change radiation resistance level in the one
1 case tested. Current interest in the influence of chromium'' content on
| radiation performance stems from prior comparisons of A 508-2 vs.
; A 533-8 embrittlement susceptibility. The former on balance 1shows a
| lower radiation sensitivity than A 533-B which 'could be La reflection

i of their difference in alloying (chromium content) or metal working
history (forging vs. rolling). A further. test of chromium effects
will be acquired from the welt . 66 series now being irradiated. To

i complete the evaluation of tin and arsenic, a - studyL with low phos--
phorus meterials and with low copper meterials is considered essential

! level.
.

inverse dependence of the phosphorus ' effect on . copperin view of the

| Figure 5 reports findings on 'the effects of high-low manganese

? contents and the effects of high-law molybdenum contents on radiation
sensitivity for steels having a 0.18% copper content or a 0.33% . copper

,

content. .. For . the lower ~ of ' the two copper' ' contents, ' a beneficial
effect to ' radiation ' resistance from a high manganese content 'and,
separately, from a high molybdenum content is observed. As shown''in
Fig.' 6, however, the higher molybdenum content also raised the initial
(preirradiation) Charpy-V 41 J ' temperature' index. 'This, in ' turn, .

negates the beneficial effect of molybdenum on' radiation resistance if
the plates are compared on the basis of final ~ (as-irradiated) ~ 41 J
temperature. For the higher copper content 'meterials, Fig. 5

:
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;

. tentatively . suggest an . adverse . effect on radiation resistance by a -

,

| high manganese content. No effect .on radiation sensitivity is '

apparent for the molybdenum content variation in these materials. In

the manganese test series, preirradiation data for one of the plates
; show relatively large scatter; potential causes are being evaluated.

t 3.0 DISCUSSION.

: 'lhe most recent determinations reinforce previous evidence that impor-

tant composition interactions exist in radiation sensitivity,

development. These most probably are responsible ' for a large portion .L
'

of the unexplained scatter found in individual irradiation effects
data banks. In the current series, it is recognized that some portion

I of material-to-material differences could be related to microstructure
differences. With low temperature irradiation (< 150*C), tests have

'. demonstrated that radiation sensitivity is closely related to micro-i

i structure as well as composition (Refs. 3 and' 4). Microstructure

I examinations are underway to aid the overall assessment of the present ;

i materials before and af ter irradiation. As reported earlier, strength I

! differences among the plates in the prairradiation condition were
j minimal.. :

i
'

i Material composition is also expected to be a factor in postirradia-
.

'
tion annealing recovery. Figures 7 and 8 present Charpy-V data for
two submerged-arc welds made with Linde 80 flux. Although their.

} copper and nickel contents were essentially the same and their neutron j
j exposures were well matched, a large difference in notch ductility
I recovery by 399'C-168 he annealing is indicaced. On the one hand

(Fig. 7), recovery was 75'c (135'F) or 69% of ' the initial shift of ;
;

i 108'C (195'F). In contrast, the second weld (Fig. 8) exhibited only
44*C (80'F) recovery or 37% of the initial shif t of 199'C (215'F). |

| The dissimilarity is quite large and, if we are to apply the annealing t

! method with good confidence of the result, reasons for the difference

j must be identified.

f MEA has initiated a study of composition effects on annealing, using

| materials initially acquired for the radiation sensitivity study
j (Table 1). Focus of first efforts is on the role of copper, nickel

! and phosphorus in recovery by 400'C annealing. Specific materials in
! the exploratory program are identified in Table 2. Phase 1 results
} are expected in early 1985.

l
! 4.0 CONCLUSIONS

!
j Primary observations from the latest evaluations of the laboratory-
i melted plates were
{
j 1. A change in arsenic content from < 0.01% to 0.035% did not alter

!. the radiation resistance of the melt; however, a change in tin
content from 0.004% to 0.024% did decrease radiation resistance;

j at 288'c and was most apparent in upper shelf energy reduction.
|

: 2. A change in chromium content from 0.003% to 0.50% did not modify
j the radiation resistance of the melt.
!

i -51
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I

b

3. -A beneficial effect on radiation resistance of a 0.18% copper,

' . content melt was achieved with an increase in molybdenum content
from 0.37% to 0.66% and, separately, with an increase in manga-
nese content from 0.88% to 1.63%.-

1

4. A detrimental effect to radiation resistance was found with an,

increase in manganese' content from 0.88% to 1.63% when the
j copper content was 0.33%; however, no change in resistance was
; found with an increase in molybdenum content from 0.37% to *

~

0.66%.
:

5. Improvements to radiation resistance through increased steel"

alloying can be negated by changes to prairradiation notch.

| ductility properties in some cases.
I
<

s

!. .
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Table 2 Materials Selected for Initial Studies of
. Composition Effects on Annealing Recovery *

!

!
! Experiennt Material Composition

Number Code Intercomparisons
1

'

1 675 Low Cu, High Ni, AP

67Ci

68A High Cu, High Ni, AP

688 ACu, High Ni, High/ Low P
:

| 68C
.

)

I 2 SC Medium Cu, Iow P. ANi

SD
1

1 6A High Cu, Low P ANi

I 68 ACu, High/ Low Ni, Low P

6C

!

! * 400*C-168 hr heat treatment

i
!

I
t

!

t

:

3

i

}

i

;

!
!

l

!

!
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i OBSERVED RADIATION SENSITIVITY

(2.4 - 2.6 x 10'8 n/cm AT 288'C)2

,
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,

( A* C) %Ni
200O O.05 * -

.O
10 0

$ 5 0.70

G * O.70% NI
g +0.35 % SI -

_
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h.,

10 0-

| 3
u 50 -
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O.96 % NI

I -
-

,

i

|||h1 ~ " ~ ~ - ---OO
sEOS 0.15 0.30

COPPER CONTENT (wt %, NOMINAL)

I
Fig. 1 C. 41 J transition temperature increases observed for plates

steel (g)302-B er A 533-B).
fcom two split melts of Results

10 test of high nickel, lowfor a high fluence (~ 6.6 x
copper weld are also shown.

I

i
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| 1.0 INTRODUCTION, OBJECTIVE AND SCOPE
i

Research on the fatigue crack . growth characteristics of pressure !;

j vessel and piping steels in pressurised, high-temperature, simulated
i reactor coolants is an important aspect of reactor safety assurance

! studies. Over the courne of the 1970's, most of this work was focused
| on studies of pressure vessel steels - A 533, A 508, and compatible !

j welds and heat-affected zone specimens. As a result of that research, !

| many important effects of critical variables have _ been identified.
Among these are the effects of waveform and . f requency, temperature

,

i steel composition, orientation, and water- chemistry, 'especially

j dissolved oxygen content (Refs. 1-4). Many of these effects are not

j in accord with well-known trends, due to these same variables acting
,

i on structural steels in a marine environment, or pipeline steels in
'

subterranean water (Refs. 5-9). Several recent reviews have focused
' on the . f atigue crack growth of nuclear reactor pressure vessel steels
| in their applicative environments, and research is continuing on many '

|
yet unexplained phenomenon (Refs. 10-11). 1

} However, as the collection of data on pressure vessel steels
i increases, and the upper bounds of these data sets become better
; defined, some research interest has shifted to the piping steel

} question. The objective of this study was to measure fatigue crack
]

growth rates (FCCR) on low-carbon and stainless steels in a simulated
j pressurised water reactor environment. The -results described below |
| are from an ongoing scoping study, and describe. effects of load ratio,
! temperature and orientation on FCCR resnits. The scope of this ef fort

was confined to testing on SA 351-CF8A cast stainless steel, A 106j

j Gr. C and A 516 cr. 70 carbon steels. In each case, only particular '

variables were selected for the test astrix. This series of tests was
not intended to be an exhaustive matrix to cover both' materials and
critical . variables. The steels selected are in wide use, and this
compilation of data provides an index of the fatigue crack growthi

|
behavior of those steels relative to the more-investigated pressure

j vessel steels.
i
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2.0 SPECIMENS AND FACILITIES DESCRIPTION

2.1 Specimens and Materials

The parent material for this study came in three different forms. The
A 1% Cr. C . came~ rings which were 0.81-m (0.D) x 0.2-m long andas
83-mm thick (32 in. x 8 in. x 3-1/4 in.). There were two shipments of
A 106 received and used in this program. Specimens with serial codes
F0P-57 through FOP-62 were from Lot #1; specimens FOP-63 through
FOP-94 were from Lot #2. The A 516 Gr. 70 came as a plate which was

; 0.4 m x 0.9 m x 0.15 m (16 in. x 36 in. 6 in.). The A 351-CF8A was a
segment from a research pressure vessel which was 0.8 m (32 in.) in
diameter and 57-mm (2-1/4-in.) thick.

Compact specimens and the two-pin, wedge-opening load (Cr and WOL)
specimens were used throughout this research. Specimens were 25.4-mm
or 50.8-mm (1-in. or 2-in.) thick (IT- or 2T-) with machined notches
to a normalized depth (crack length to width, or a/W) of 0.25 to
0.35. In all cases, the specimens were precracked in air by at least
1.2 mm (for IT specimens) or 2.5 mm (for 2T specimens) at a low AK

i with respect to the initial AK of the actual test. The material
I chemistries are given below in Table 1.

Table 1 Chemical Composition of the Low-Carbon Piping Steels
Examined in this Study

Element C S Si Mo Ni Mn Cr V P
4

i A 106 Cr. C
Code FOP

Lot #1 0.25 0.017 0.22 0.033 0.25 0.88 0.10 0.003 0.016
Lot #2 0.25 0.016 0.18 0.049 0.26 0.92 0.22 0.003 0.018

| ^56 ' O.25 0 017 0.23 0.065 0.27 1.05 0.10 0.002 0.018Cod F0K
|

351-CF8A 0.06 0.018 1.17 8.58 0.68 20.42 0.020---- ----

|

r

2.2 Test Facilities

All tests were conducted under load-controlled, constant amplitude
cycling. Specimens were tested in ovens, for air tests, 'or in

| environmental chambers which contain the simulated reactor coolant
| environments under the required temperature and pressure conditions.

Both single specimen tests and nultiple-specimen, daisy chain tests
were utilized in these studies.
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Air tests were conducted in resistance-heated convection ovens with a
control thermocouple mounted in the wall of the oven and monitoring
thermocouples spot-welded to - the . specimen itself. In the case of the
water . environment tes ts at 93'C, a 6-liter capacity, stainless steel
vessel, equipped with an internal LVDT, and :a dedicated water circula-

. tion loop was employed.

In the case of tests at' higher temperatures, autoclaves capable of
containing pressurized water were used. . Two such autoclave systems
were utilized in this study.: The smaller of ' the two contained four
liters of water; the larger was a three-chamber, multispecimen system
with each autoclave accomodating four specimens and holding about 150
liters of water. The small autoclave is capable of 55-kN loads and
the larger _ autoclaves . are capable of ' 550-kN (10-kips and 100-kips,

,

respectively); an LVIyr was attached to each specimen.

Table 2 Water Chemistry Specifications

Boron (as boric acid) 1000 ppm
Lithium (as lithium hydroxide) I ppm
Chloride ions < 0.15 ppm
Fluoride ions < 0.10 ppm
Dissolved oxygen ~ 1 ppb
Dissolved hydrogen (saturation) 30 to 50 cm8/kg water

All other metallic or ionic species should be at about
trace lovels. -Some iron, both in solid and soluble form
is the inevitable result of a corroding specimen.

3.0 RESULTS AND DISCUSSION

3.1 Low-Carbon Steels - A 106 Cr. C and A 516 Gr. 70

3.1.1 Frequency and Load Ratio Effects

Data sets which describe effects of frequency, load ratio, orienta-
tion, and temperature are included below. In order to establish a
baseline against- which to compare the aqueous environment. test
results, 288'C air tests, using a load ratio (R) of 0.2, were
conducted on specimens of each of these steels. Those results are
shown in Figs. la and Ib. In subsequent figures, these essentially
linear results are represented by a line which referenced the best fit *

through 'the air environment data. Figure 2 shows data for A 106 in a
water . environment at 288'C, for a 17-mHz sinusoidal waveform and load
ratios of 0.2 and'.0.7. Here the separation due to load ratio is
clearly evident, but in the case of the data for FOP-61, there is a j

noticable bending over of the data set at the highest growth rates, |

indicating that the rapid increase in growth rates with AK cannot be l

sustained.
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[ Similar_ results for A 516 are shown in Figs. 3 and 4. Figure 3 shows
data for a 1-Hz test frequency for two orientations of the crack

| plane, together - with 288'C trend line for air results on the same
j steel. These results demonstrate that there can be a significant
' environmental effect even at the relatively high test frequency of

1 Hz. Figure 4 contains data from 2T specimens for both 1-Hz and
17-mHz test frequencies, and load ratios of 0.2, 0.7 and 0.85, the l

last for a test frequency of 50 mHz. There is a general layering of
the data sets as a function of load ratio. The 1-Hz and 17-mHz data.

'

sets for the R = 0.2 test (specimen FOK-16) blend together quite
smoothly, ~ and although the 1/-mHz portion started out at slightly
lower. growth rates than the 1-Hz portion, higher growth rates for the

' lower test frequency were quickly attained and a maximum in environ-'

..

mental assistance was reached in the midrange of applied AK, at about
28 MPa/iii. Growth rate trends then bend over and slow appreciably. -

! There is a greater. degree of variability evident in the results for
R = 0.7. The growth rates at 17 mHz for specimens F0K-11 and F0K-13
show a difference of. a -factor of about 10, which is likely due to a
differ'ence in material properties, such as microstructure, . since the
test practice and environments were essentially the same, although the
tests were not conducted at exactly the same time. It is important to
note that specimens FOK-11 and FOK-13 are of the same orientation, and
in fact were cut from neighboring locations at the same elevation from
the parent plate. These common denominators suggest that such
variability and the consequent differences in growth rates are diffi-
cult characteristics to predict.

| The 'results of the load ratio aspects of this part of the study are

i quite clear in that higher load ratios produced higher growth. rates
for equivalent AK values, with a trend toward bending over at the,

higher growth rates. The results of the frequency study are less
clear in that for load ratios of 0.7, test frequencies of 1 Hz of ten
produced higher growth rates than test frequencies of 17 mHz.

| 3.1.2 Temperature Effects in A 106 Gr. C

|

A study of the effects of temperature on growth rates-in A 106 yielded
the data sets showniin Figs. 5 through 7, and the trend- line plot in
Fig. 8. The 93*C data in Fig. 5 were acquired on IT-Cr . specimens in a
single-specimen test device, while data sets at the ' higher tempera-
tures were collected from 2T-CT specimens'. It is . clear from these
figures that the growth rates are . lowest at the highest temperature,
which is typical of primary circuit hot -leg operating temperatures.3

In an earlier report on temperature effects in A 508-2 pressure . vessel
- steel (Ref.12). i the author showed that a minimum in -growth rates' was

| developed ' at _a temperature of about 200*C (~ 390*F). By ' plotting

| these results in a similar way, as 'a function of inverse _ temperature,
the degree of this effect can be seen in Fig. 9. The dotted- line :
shows the previously published trend for A 508-2. The piping' steel
trend .~ lines ' indicate that : the magnitude of the trend is somewhat
similar . to .that for the pressure vessel - steel, but displaced to a
higher temperature. The increase -in growth rates, if any, would occur
at unattainable combinations of pressure and temperature, and do - not
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,

bear : on any realistic operating transient scenarios. While data sets
for two orientations of the crack plane are shown in each of the above>

figures, there. is no discernible dependence of the crack growth rates
~

on this orientation difference.

3.2 Load Ratio and Temperature Effects in SA 351-CF8A Cast Stainless
Steel

Tests were carried out on specimens of cast stainless steel to evalu-'

ate the response .of fatigue crack growth rates to a range of load
; ratios' and temperatures. The complete results. of the investigation of

temperature - dependence -are contained in an earlier report (Ref. 13);
the results below are a only summary. Figure 10 shows crack growth

rate results for load ratios of 0.2 and 0.7. The growth rates for the
0.7 case show the customary increase as compared, on a AK . basis with
the growth rates for the 0.2-cases. However, they show about the same
slope, or dependence on AK, as do the 0.2 results in high-temperature'

water. The air test was conducted using a IT-Cr specimen,~- hence the
' abbreviated AK range as compared with the aqueous environment tests,

all carried out with 2T-Cr specimens, which - support a higher maximum
applied AK. Many of the appropriate figures also include a trend line
which represents ' a large volume of data for air environment tests,
mostly taken from references by James (Refs. 14-15).

Figures 11 to 13 show fatigue crack growth rates for two orientations
of the cast stainless specimens at temperatures of 232*C, 288'C and
338'C - (450*F, 550*F and 650*F), all at a load ratio of 0.2. On
Fig. 12, the data for the highest . temperature, trend lines for the
232*C and 288'c data are also shown. It is easily seen that the
growth rates at 338'C are considerably higher than- growth rates at the
other two temperatures. It is interesting to note the roughly
sigmoidal shape of the growth rate curves at the temperatures of 232*C

~

and 288'C, indicating that there is a higher proportion .of
environmental assistance at the lower range of:AK than at the higher
range.-

4.0 SUMMARY AND CONCLUSIONS

[

! This section is divided into summary and conclusion sets for the |

carbon steels, and for the stainless' steels.

4.1 Carbon-Piping Steels, A 106 Gr. C and A 516 Gr. 70
|

Fatigue crack growth rate tests _ in PWR environments have been carried
out for these . steels under - a - variety of test frequency, temperature

and load ratio. conditions. Many combinations of these critical-
variables produced significant components of environmental- assis-
tance. ._ The microstructure of these steels, particularly the manganese i

|
sulfide inclusions, ' played a major role in the progress of the. fatigue I

| crack. The ~ increase in . growth rates as a . function of AK with an
'

! increase--in load ratio is in line Jwith the- increase observed in
. pressure vessel steels. The temperature dependence of .- crack growth
rates in A 106 is different in form from that of . A 508-2 pressure

vessel steel, but covers basically the same extremes.
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The conclusions are as follows:

(1) Crack growth rates in these steels are of the same order of
magnitude, and exhibit the same basic dependence on the known
critical variables as those of pressure vessel steels.

1

(2) The frequency dependence of crack growth rates seems to be tied
'

to the load ratio, with 1-Hz - test f requencies of ten resulting in
higher growth rates than 17 mHz at the higher load ratios.

(3) ne manganese sulfide inclusions play a major role in the crack
plane morphology and in the crack growth rates. In a study with

a limited sampling of steels such as this one, it is impossible
to predict an upper limit which might occur because of a detri-
mentally high concentration of sulfide inclusions; but rather
high growth rates are possible.

(4) Many features of the fractography (described in ~ Ref. 16) of the
A- 516 specimens suggest that the crack growth rates are affected
by a hydrogen-assistance mechanism.

4.2 Cast Stainless Steel, A 351-CF8A

Crack growth rates in the stainless steels lie within the same range
as the carbon steels described above, but the dependencies on the
critical variables are somewhat different. Crack growth rates at 1 Hz
show usually less environmental assistance than at 17 mHz, for load
ratios of both 0.2 and 0.7, although the data base at 0.7 suffers from
its content of only two tests. The temperature dependence of crack

| growth rates shows that rates increase as the temperature increases.

| The fatigue fracture surface morphology shows brittle-like features
cover nearly all of the fracture surface, and that the crack progress'

is not influenced by the delta-ferrite phase.

The conclusions are as follows:
|

(1) We amount of environmental assistance provided to the fatigue
crack growth rates may be directly proportional to the test
frequency, and is basically independent of the load ratio.
Growth rates at 232*C and 288'c showed relatively little
environmental component.

(2) The temperature dependence of crack growth rates shows a modest
increase in growth rates with increase in temperature, for load

| ratios of 0.2.

(3) Fractographic features (described in Ref. 13) show that regions
of ductility can abut r.egions of highly - brittle-like fatigue
striation formation, suggesting that crack growth rates do not
depend directly on the mechanics of crack tip deformation.
Overall, brittle-like features cover nearly all of the fatigue
fracture surface.

68

_



._

'5.0 FUTURE RESEARCH NEEDS

This study, together with some of the references cited in the text,
repre,sents the beginning of the accumulation of a data base for
fatigue crack growth rates for piping steels in LWR environments.
Through these studies, some of the influence of a few key critical
variables is beginning to be understood. Some of the areas which
should be covered in' future research projects are as follows:

For the carbon steels:

(1) The frequency dependence of fatigue crack growth rates, and its
interaction with load ratio, needs to be clarified. There are
indications that high test frequencies, together with high load
ratios, such as 10 Hz at R = 0.9, may provide high growth rates
on a da/dN basis. Such a test .is feasible from a laboratory
test time and equipment standpoint.

(2) The influence of sulfide inclusions on crack growth rates needs
' to be studied in great depth, from either the macro- or micro-

approach. That is to say, " worst-case" steels shculd be tested,

to determine the maximum increase in growth rates which might
occur. Also, it would be interesting and potentially helpful to
understand. better the crack tip micromechanism through which the
environment in the crack tip enclave is affected by the dissol-
ving MnS inclusions, and the way in which the inclusions
promote, if they do, increases in hydrogen-assisted crack
growth.

For the cast stainless steels:

(1) Research . is needed to define growth rates at the higher load
ratios which are more typical of piping steels. The combination
of high load ratios and high temperatures (typical of hot leg
conditions) should be investigated.

(2) Since the fractographic features are essentially the same for
fatigue crack growth and stress-corrosion cracking tests, the
time dependence of crack growth rates should be determined.
This can be accomplished by carrying out tests at lower test
frequencies, together with a choice of other suitable critical
variables, such as ' high load ratio and high temperature. These
tests are feasible, but somewhat difficult from a laboratory
point-of-view.

,

i
I
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THE EFFECTS OF MATERIAL AND ENVIRONNENTAL VARIABLES ON

CORROSION FATIGUE CRACK GROWTH IN PRESSURE VESSEL STEELS

W. H. Bamford, R. J. Jacko, I. L. W. Wilson, L. J. Ceschini

|

WESTINGHOUSE ELECTRIC CORPORATION
i

i s

Introduction

The objective of the research being carried out in this program is to give
improved understanding of the crack growth rate properties of light water
reactor materials exposed to primary coolant environments. This understanding
can then be used to improve the reference fatigue crack growth laws for the
industry which are contained in Section XI of the ASME Code..

!

|
The paper begins with a summary of the background and technical basis of the

!
reference fatigue crack growth laws presently contained in Section XI. This

f discussion will provide a starting point for the rest of the paper, where

i recent findings will be related to these existing curves, and conclusions
reached about their applicability.

.

Two key variables have emerged from recent work in the field, the effect of
material chemistry and microstructure, and the characteristics of the water

,

environment in which crack growth occurs. The material effect is presently

{ believed to be best inaasured by the sulfur content of the steel, where high
| sulfur levels have been found to increase environmental acceleration of crack

growth, and several examples of this effect will be shown. Work on the-

i mechanisms of environmental acceleration has been done which confirms this
! effort and provides an explanation for it.

orro p ta h ext t in he s em d a gre t a o

development work has been done to find reliable measurement techniques. This
has been coordinated through the International Cyclic Crack Growth Review
Group (ICC6R) and will be discussed in some detail. The results of this work
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| will ba pravid2d, along with examples of measurements taken during crack
growth experiments.

One environmental factor which has been shown to be important is the flow rate
of the water, and observations on this subject will be made. This factor is
closely related to the water chemistry effects, and mechanistic explanations
for this will be reviewed.

i

|

|

IFinally, the impact of these new observations on potential revision of the
,

j reference curves will be discussed, and conclusions reached on the likelihood
of such changes.

i

Backaround and Technical Basis of the Present ASME Section XI Reference Crack,

i Growth Curves
:

The present ASME Code reference fatigue crack growth curves for pressure
vessel steels in water environments were adopted with the Winter Addendum toi

the 1980 Code. The technical basis for these curves was provided in reference
[1], and will be reviewed briefly here to provide a basis on which to judge
recent developments.

The data available in the 1978-79 time period are summarized in Figure 1,
along with the first reference curves which were developed. These curves are

;

statistically developed 95 percent global confidence limits on the mean of the
data, which corresponds to predictions that the mean behavior of 95 percent of

; the future data will fall below the reference curves. The original Section XI

i reference curve for water environments is also shown in Figure 1, for

! reference.
!

| The general fatigue crack growth behavior of ferritic steels-in a water
| environment is shown schematically in Figure 2. The growth rate increases
i

; rapidly with increasing range of stress intensity factor AK. At a point
which depends on frequency and R ratio the slope changes, and the curve then

| continues until it reaches the curve corresponding to air behavior. The

f growth rate curve which is followed is strongly dependent on R ratio and
loading rate or cyclic frequency. The R ratio is accounted for directly in

;
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tha reference curves, as shown in Figure 3. The offcct of welds vs. base4

metal on the crack growth rata data is shown in Figure 4, where it is seen>

that weld crack growth data are slightly lower and contain frequent
retardations. The reference curves account for frequency or loading rate )

'

effects by using data obtained at the frequency for which the highest growth
rates were found. This is one cycle per minute, as seen for example in Figure
5. Available data at the time indicated no measurable difference between PWR

1 and BWR environments, so all the data were treated together. Although
irradiation effects were unknown in a water environment, they were assumed to

i

j be negligible.

!

The resulting curves were checked for adequacy by using them to predict the
'

individual specimen results on which they were based, and to predict the

: behavior of two specimens loaded with a range of conditions designed to
simulate an operational condition. Loadings and frequencies applied to the
two specimens are shown in Table 1. The predictions using the reference,

curves are shown in Table 1*, and plotted in Figures 6 and 7. Results show

| that the ASME revised reference curves are conservative predictors of the

specimen behavior in both cases. In these figures, curve 1 is the old Section
XI law, curve 2 is a graphically determined revision (not adopted) and curve 3
is the revised ASME law.

The reference curves in their present form were based on approximately 25

specimen results, including base metal and welds. Since that time (circa
1978) the available database has increased by nearly an order of magnitude,
and many carefully controlled studies have been carried out; including
mechanistic studies. This work has resulted in many new findings and revealed

the essence of environmental enhancement effects in these materials. These
environmental effects are now known to result from these sources, mechanical,

| metallurgical, and environmental variables, as listed in Table 2. The present

reference curves were primarily based on mechanical variables, but have held

up remarkably well in light of the new findings in these other areas. The
next two sections will consider the new findings in some detail.

The revised ASME reference curves are labeled "Mean" in Table 1.*
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: Meta 11urnical Variables !
|

It has recently been found that the level of sulfur in steel can have a
remarkable effect on its sensitivity to environmental enhancement of crack
growth [2]. This effect was demonstrated in a carefully constructed matrix of
tests carried out in this program.

Three different heats of the same material, A5338 C1 plate, were utilized,
| with the only major difference being the sulfur content. The test matrix was

devised to study three ptrameters, sulfur content, crack orientation, and R |
,

ratio. All tests have been designed to use the same specimen size and exactly
the same loadings for a given R ratio. All tests have been run in simulated
PWR environment with the same chemistry, pH = 9 at room temperature. The
specific heats chosen were labeled TW, PN and IN, and their complete

.

chemistries are shown in Table 3. As might be expected, the effects of sulfur
content and orientation are interrelated, since high levels of manganeses
sulf.ide lead to directionality as a result of the rolling process flattening
the inclusions. The orientations chosen for study are shown in Figure 8, and,

j the designations are those used by ASTM.

j Results obtained in the matrix of tests have been remarkably consistent, with
'

the same trend observed at both high and low R ratio. The trends in the
degree of environmental enhancement are the same as those observed earlier for'

[ fracture toughness and Charpy energy, where the materials and orientations
!

which display the lowest toughness also display the highest degree of

| environmental susceptibility. This is shown for example in Figure 9.

The highest environmental enhancement was found for the transverse (TL)
: orientation, while the lowest occurred in the through-thickness (LS)
j orientation. Materials with high sulfur content showed the most enhancement,

as well as the strongest orientation effects, as shown for example in Figure
'

10. The observed behavior of the LS, or through-thickness orientation was
! about the same regardless of sulfur content and was equivalent to the behavior
. of all three orientations of the low sulfur heat TW, as shown in Figure 11.

This is an important observation, because of the crack orientation which is of
i

| most interest from the standpoint of vessel integrity would be the !

f

through-thickness direction.
!
:

|

|

|
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Corrosion fatigue crack growth in submerged arc welds has been found to follow
the same pattern as base metal which has similar material chemistry, except
that retardation occurs with some regularity, as shown earlier in Figure 4.,

These retardations are more pronounced at higher R ratios, so the net effect
is that crack growth in welds will be somewhat slower. ;

Although various fluxes have been used for the submerged are welds,
'

differences in crack growth rate behavior appear to be more dependent on the

,

sulfur content of the weld than on the flux used. This can be seen in Figures
'

12 and 13, where welds made with two different fluxes with nearly equal levels

of sulfur (.012 .014 wt. pet.) are compared with a lower sulfur weld (.008
wt. pct.) made with a third flux.

i

Thus, we see that there can be large differences in the degree of
environmental enhancement produced by steels which are nominally the same, but

,

have different sulfur contents. As may be seen in the previous figures, even
i
! the highest crack growth rates are still covered by the present reference

{ fatigue crack growth curves. Lower growth rates are clearly in evidence for

{ lower sulfur steels, but this effect may be difficult to take advantage of
because of environmental interactions, which will be discussed next.

j

( Environmental Variables

The mechanisms of environmental enhancement of crack growth are now being
aggressively investigated by many laboratories. A number of important
variables have been identified, as seen in Table 2. The key variables include
water chemistry, water flow rate and the crack tip strain rate.

One of the early proposed mechanisms of the environmental influence on fatigue
crack growth was based on hydrogen effects (3]. It was suggested that the
environmental effects on crack growth could be explained based on the surface
energy required for the creation of slip steps on the surface. The presence
of hydrogen lowers the surface energy associated with cleavage-type crack
propagation, as shown in Figure 14. The mechanism of crack advance by ductile
plastic deformation forming slip steps is in delicate balance with the
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cleaveage mode. The presence of sulfur species changes this balance, as seen
[ in the Figure, making cleavage dominant. This observation was made from a

series of tests where hydrogen sulfide was added to the water environment.
Results for an example case are shown in Figure 15, and demonstrate,

l

| accelerated crack growth, with a fracture surface dominated by cleavage
I facets. Similar behavior has been observed in high sulfur plate materials, in
!

PWR environment with no added sulfur species, with a fracture appearance

; tending toward more cleavage facets.

The crack tip environment is therefore key in understanding the mechanisms of
crack growth enhancement. One of the best methods of characterizing this
environment has been found to be the free corrosion potential of the system.
One of the first characterizations of the potential of a light water reactor

! system was produced by Indig (4]. He found that the level of oxygen was
clearly reflected by the measured electrochemical potential, as seen in Figure

'

16. One of the key areas of emphasis in this program has been to determine4

) the most reliable methods of measuring the electrochemical potential, and to
implement them. Results of one of our first tests with different measurement
systems are shown''in Figure 17. This work has been coordinated with a large

i

j number of other laboratories through the International Cyclic Crack Growth

| Rate (ICC6R) international group, which has advanced the state of the art
; considerably in this area.
i

:

| Another important variable influencing the crack tip behavior is the flow
rate. Faster flow sweeps the water out of the crack tip region, making it
more difficult for species (such as sulfur) to concentrste there. An example

j of this effect is shown in Figure 18, where the same material was tested in a
j high flow rate rig (UKAFA) and a low flow rate rig (Westinghouse). The crack

) growth was only slightly accelerated in the high flow rate rig. ,

i

! |

: Another way of explaining environmental influences has been suggested by
; Scott (5) and others, and involves the crack tip strain rate. This strain
i rate affects the ability of the environment to influence the cracking, and
) does explain the frequency and wave form effects which have been observed.

,

| More work is underway in this area, and the approach shows promise of
| providing a consistent characterization of environmental effects.
i

1

;
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;

Sumnary and Conclusions

: 1

A great deal of study of the issue of environmentally assisted crack growth
has been completed since the revision of the ASME reference crack growth '

curves in 1980. This work has resulted in a database almost an order of

i magnitude larger than that available at that time. These new data have j

generally confinned the adequacy of the present curves, and have provided much
'

more insight into the mechanisms which are operating. It is possible that a
'

modification of the present curves may be possible for newer, low sulfur
steels in a tightly controlled environment, but more complete understanding of
the operable mechanisms will be necessary before such a step is warranted.'

,
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Specimen R-16 Specimen R-15
,

1119 i
'

I ILL { ?
a o

-Type B
-Type B -Type C

Typ A Ty p A >

t

|

Relative
g Number of Initial Final Total Percent of Growth >

Specimen Cycle Type Occurrences R Ratio AK AK Sect. XI Mesa

R-16 A - 1/2 Min Ramp 1 0.17 33.5 65.4 75% 42%
,

B - 1 Cycle / Minute 6 0.68 15.4 30.1 25% 58%

R-15 A - 1/2 Min Ramp 1 0.18 34.6 70.2 91% 61 % i

B - 1 Cycle / Minute 10 0.92 3.6 7.4 0.3% 0.3%
C - 1 Cycle / Minute 5 0.75 12.1 24.6 8.7% 36.7%

i

TABLE 1 MULTIPLE LOAD EXPERIMENTS

!
!

_ . _ . . _ _ . . _ _ _ _ _ _ _ _
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r

|

,

.

)
TABLE 2 VARIABLES AFFECTING ENVIRONMENTAL i''

FATIGUE CRACK GROWTH

i.
!^
!

t

A

MECHANICAL' Stress ratio or load ratio R
: Frequency and Waveform

ENVIRONMENT Temperature
Level of oxygen and ~other dissolved gases

,

Electrochemical potential
! Velocity of water
l. -

METALLURGICAL Level and distribution of alloying elements and impurities '-
.

Microstructure
Mechanical properties (strength, toughness)-

:
t .

+

,

'

,

s

,

7

i

4

4

1

j ..

i

i

<

t

f

I >

.

I 90
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TABLE 3 MATRIX STUDY OF SULFUR EFFECTS

Ni Cr ' Mo|Cu V |CoSi |I S9aterial | C Mn P ,

,

I |A5335 :1 1
'' I N .21 1.26 '.012 .026 .25 27 .47 .19 !

- --

.56 .08" T,r' ; .21 1.28 .008; .004 .21 .67 - --

'

'"A7 " .23 1.40 .005 .004 .25 ) .70 .57 - - -
-

.54 .13a:1" .21 1.32 .012 .016 .22 .56 - -
-

|'iater'al: | Tes: Ccrditions
A3332 Class 1 R = 0.2 | R = 0.7

.

julfurcentent/ TL LT L# TL LT U's.rien:a: ion.

TW-1 TW-4 TW-7 TW-2 TW-5 TW-8
S = 0.004 U7-2C7 W7-2C6

|

5 = 0.016 PN-1 PN-4 PN-7 PN-2 *PN-6 PN-8

S = 0.026 IN-1 IN-4 IN-7 IN-2 IN-5 *IN-8

,

NOTE: All the above tdsts were carried out in sumulated PWR environment at 288'C.
All specimens were 2TCT, and the applied loadings were identical for all
specimens at a given R ratio. Load form was a one cycle per minute sine
wave.
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LWR SURVEILLANCE DOSIMETRY IMPROVEMENT PROGRAM:
PSF METALLURGICAL BLIND TEST RESULTS

1
,

j F. W. Stallmann
F. B. K. Kam
G. Guthrie *
W. N. McElroy*i

Oak Ridge National Laboratory
I Oak Ridge, Tennessee 37831, USA

i

INTRODUCTION
2

! The metallurgical irradiation experiment at the Oak Ridge Research Reactor
.

! Poolside Facility (ORR-PSF) is one of the series of benchmark experiments in the
j framework of the Light Water Reactor (LWR) Surveillance Dosimetry Improvement !Prograal (Fig. 1). The goal'of this program is to test, against well-established,

benchmarks, the methodologies and data bases which are used to predict the irra-'

f diation embrittlement of pressure vessels in commercial power reactors at'the
i end of their service life and to determine safe operating limits for these
! vessels. Knowledge of pressure vessel embrittlement is also essential to deter-

mine the resistance of the vessel under thermal shock conditions and to deter-:

! mine if and when annealing of the vessel is needed. The prediction methodology
as practiced in pressure vessel surveillance programs includes procedures for

. neutron physics calculations, dosimetry and spectrum adjustment methods, and
| metallurgical tests and damage correlation. The benchmark experiments in the
i framework of the Dosimetry Improvement Program serve to validate, improve, and
; standardise these procedures. The results of this program are implemented in a
! set of ASTM Standards (Fig. 2) on pressure vessel surveillance procedures, which

are in various stages of completion.2 These in turn may be used as guides for;

regulatory procedures of the Nuclear Regulatory Commission (NRC).

The ORR-PSF experiment was specifically designed to simulate the survell-
lance capsule-pressure vessel configuration in power reactors and to test the
validity of procedures which determine the radiation damage in the vessel from
test results of survelliance capsules. Emphasis was on radiation embrittlement
of reactor vessel steels and damage correlation'in order to test current

. embrittlement prediction methodologies. For this purpose, a PSF metallurgical
! Blind Test was initiated.3 Experimental results were withheld from the partici-

pants; only the type of information which'is normally contained in surveillance
reports was given. The goal was to predict from this limited'information the

.

metallurgical test results in the pressure vessel wall capsule. Of particular'

interest was the question, what effects, if any, the differences in fluence rate
|

,

| and fluence spectrum in the survelliance capsule and in the pressure vessel wall
may have on the embrittlement prediction.

*Hanford Engineering Development Laboratory
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! To serve as a benchmark, a vn y_. careful characterization of the ORR-PSF
! experiment is necessary, both 'n terms of neutron fluence spectra and of metal-
| lurgical test results. Statistically determined uncertainties must be given in !

| terms of variances and covariances to make the _ comparisons between predictions
,

{ and experimental results meaningful. A description of the characterization |

program is given.in the first part of this paper. The second part discusses the'

; preliminary results of the Blind Test and its implications. J
|

'

DESCRIPTION OF THE EXPERIMENT
'

I

i

[ The ORR-PSF (Fig. 3) consists of the ORR reactor core and the ex-core com-
! . ponents that are used to mock up pressure. vessel surveillance configurations for
I light water reactors (LWRs). The ex-core components are the thermal shield
; (TS), the simulated surveillance capsule (SSC), the simulated pressure vessel

.

j capsule (SPVC), and the simulated reactor cavity [ void box (VB)]. The aluminum
window is part of the ORR pressure vessel which separates the core from the ex-4

{ core components. The PSF metallurgical Blind Test is concerned with the SSC and
,

j the SPVC. -Five metallurgical specimen assemblies were prepared for the irradia-
: tion experiment. Each assembly (Fig. 4) contains the same mix of plate, forging,
j and-weld ma'terial specimens.4s3 . Dosimeters are distributed throughout each
; assembly to monitor the neutron exposure received by-the specimens. Two cap-

sules were fabricated for irradiation in sequence at the simulated survelliance'

; location (SSC1 and SSC2) to fluences (E > 1.0 MeV) of 2 x 1019 and 4 x 1019
|

2neutrons /cm , respectively. Each SSC contained one of the metallurgical speci-
men assemblies. .The SPVC contained the other three assemblies which were post-

,

i tioned at' locations corresponding to the inner surface (0-T), the quarter
j thickness (1/4 T), and the half thickness (1/2 T) of a pressure vessel. The
i fluences for SSC1 and SSC2 are approximately equal to the 1/4T and 0-T positions,
! respectively. The total irradiation times for SSCI and SSC2 are approximately
{ 46 days and 92 days while the irradiation time for the SPVC is approximately 600
j days. The temperature of the specimens was tightly controlled to 288* + 7'C

_

| during the irradiation (Ref. 6).
,

i

j A "startup experiment" with dusmay capsules containing only dosimeters was
performed prior to the metallurgical experiment in order to determine accurately
the irradiation times needed to reach the target fluences. - This' experiment was
also used to test the accuracy of a preliminary neutron transport calculation. ;

r
'

Comparison of dosimetry results between the startup and the two-year experiment
showedsigngficantdifferences,whichweretracedtodifferencesincore

A new set of transport calculations, described in;the next section,loadings. *

was performed to account for 52 different core loadings.

' NEUTRON TRANSPORT CALCUI.ATION

Flux, fluence, and reaction rate calculations.were performed for each of ,

the three exposures (two survelliance capsules and a pressure vessel capsule)-
performed during the two-year metallurgical Blind Test experiment at the
ORR-PSF. Motivation for these calculations was prompted by differences of up tot

| 25% between dosimetry measurements performed in the earlier startup scoping
experiment and the two-year experiment,

,
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|

' Following the same simplified' calculational methods used in a.re-analysis -i
of'the startup experiment, fission source distributions were obtained from I

three-dimensional diffusion theory for' most of the 52 cycles active during the
course of the complete experiment, combined in small groups, and the resultant

_

ex-core group fluxes calculated by two-dimensional discrete ordinate transport
i theory. More details can be found in Refs. 8 and 9.
l

f Comparisons of thE ORNL-calculated dosimeter end-of-irradiation activities
| with HEDL measurements indicate agreement _ generally within 15% for the first-

|

| surveillance capsule, '5% for the second, and 10% for three locations in the |
pressure vessel capsule,'which are as good as, if not somewhat better than, com- i<

! parisons in the startup experiment. The calculations thus validate the trend of
the measurements in both the startup and the two-year experiments and confirm;

'

the presence of a significant cycle-to-cycle variation in the core leakage. The;

tape containing the unadjusted spectral fluences for each of the three exposures.

j. that can be used in the metallurgical analysis is thus considered to be accurate
,

; to within about 10%. '

|

$ .

, DOSIMETRY AND ADJUSTMENT PROCEDURES |
1

'

!

} A 10% accuracy, as quoted in the preceeding section, for the-damage para-
I meter values of the metallurgical specimen is quite sufficient for most metal-

lurgical damage correlation studies. However, since the ORR-PSF experiment is
j inteded to be a benchmark, higher accuracies and a more thorough study of the
( uncertainties is required. Thus, comprehensive statistical analyses with the '

'

use of adjustment procedures are being made by program participants to obtain.
complete three-dimensional fluence-spectrum maps. These maps will include not

a only the ^ damage parameter values 4t > 1.0 MeV, $t > 0.1 MeV (4t = fluence), and
j dpa, but also reaction rate values for all major threshold reactions. These
i reaction rate values are included to test dosimetry measurements from a variety '

i of laboratories and some experimental dosimetry (e.g., damage monitors) which
were not used in the adjustment procedure.

Details of the dosimetry sensors in the ORR-PSF experiment are given ini

| Ref. 10. Summary information on the analysis of physics-dosimetry for the
j ORR-PSF experiment by Blind Test participants is given in Ref. 11. The measure-
| ments, which are available to date, can be found in Refs. 10 and 11. Figure 5

gives an overview of the methodology used to obtain the ORNL three-dimensional-

! fluence map discussed in this paper.
|

| Both the LSL-M2 and FERRET adjustment procedures 12,13 have been.used for
I the evaluation, but only the ORNL results are discussed in this paper. In it,
| data from the ORNL transport calculation were combined with the HEDL dosimetry
i from the gradient sets-(GS), back bone sets (BB), and gradient strips along the
} Charpy specimens (see Fig. 4 and Ref. 10). Adjusted damage' parameter values at-

capsule centers are listed in Table 1, together with uncertainties. Values at
i other positions of the. capsules are determined'through's cosine-exponential fit

P(X,Y,Z) = Po cos B (X-X ) cos B (Z-Z ) e~ 0) (1)X O Z O

where P(X,Y,Z) is the value of the damage parameter in question at (X,Y,Z). (For
i the orientation of the coordinate system, see Fig. 6.) There is one set of
| fitting parameters for each capsule and each damage parameter. The values are
i listed in Table 2. This interpolation-extrapolation' introduces additional: !

! uncertainties, which increase with increasing distance from the capsule centers,
i up to about- 5%. More detaf ts can be found in Ref.14.

|
| 111
2

t

-tymp m--, ye r-r- y re- w ywm--.S -==-y,ve. -v-*-ow++ i- rw - 7 *.a,.y-+-.,-e. ,,,e a -,e.-- -u -cww.-.---.m--w,...-s-e--.m..d*,i=,4-,-,-m-* "*4 w-ee1w= . - - e



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

:
,

'

STATISTICAL EVALUATION OF THE METALLURGICAL TESTS

4

; ~ The need for' rigorous statistical evaluation of the experimental results is
| not restricted to dosimetry and neutron fluence determination. The high standard

for accuracy and reliable determination of uncertainties applies also to the i

metallurgical test results. The primary source for the Blind Test comparisons |

4 are fitted to continuousj is the.Charpy test results. The raw Charpy data
i curves, impact energy'vs. test temperature, in order to determine the shift of

,

. nil-ductility temperature (ANDT) and upper shelf energy (AUSE) with increasing '

! damage fluence. Hand-drawn fits are used in Refs. 4 and 5 but without assigned >

uncertainties. The HEDL evaluation will make use of hand-drawn and leastt

squares fit.15 In the ORNL evaluation,16 a computer fit CV81* was used. Thisi

fitting procedure uses separate curves for NDT and USE and is, therefore, more
flexible than hyperbolic tangent or error function approximations which are com-

,

monly used for computer fits. (These fits were used by some Blind Test
j participants.) There are no obvious differences between the CV81 evaluations
~

and the hand-drawn fits in Ref. 5, as can be seen in Table 5, but the statisti-

; cal computer fit allows the calculation of uncertainties. Table 3 lists the
; different materials used in the metallurgical irradiation and their chemical

composition. A summary of the CV81 results is given in Table 4. Details of the
procedure are given in Ref. 16.

;

'
DISCUSSION OF THE BLIND TEST RESULTS

:

3The participants of the Blind Test received the following information :**

1. Calculated 102-group flux-spectrum, exposure rate parameters, and dosi-
meter reaction rates for the SSC1, SSC2, and SPVC 0-T PV surface,1/4T

; wall, 1/2T wall, 3/4T wall, and SVBC positions. (This calculation is
i different from the one described in this paper, in that it was done for
; the "startup" experiment with somewhat different core configuration.)
!

! 2. The SSC1 measured in-situ dosimetry as-built information, exposure time
'

history, and post-irradiation sensor results.

3. The SSC1, SSC2, and SPVC 0-T, 1/4T, and 1/2T measured in-situ Co-Al
alloy bare and gadolinium-covered sensor results used to determine two<

additionallow-energgMeVenergyranges.
group flux-spectral values for the thermal and

thermal to 9.8 x 10-

4. The SSC1, SSC2, and SPVC measured metallurgical specimen exposure time
histories.

5. The SSC1, SSC2, and SPVC measured metallurgical specimen temperature
time histories,

;

*CV81 is a linear least squares procedure, although linear combinations of non-i
,

j linear functions can be used.
j **This information will.be made available to those who have an interest in
; making their own analysis, predictions, and contributions to the PSF experiment
i studies.
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6. The SSC1, SSC2, and SPVC as-built metallurgical specimen dimensional
and placement information.

7. .The SSC1 metallurgical specimen heat treatment, chemistry, and measured 1

un-irradiated and irradiated properties for different steels. '

'

Participants were asked to predict-both the damage parameter values and the
' metallurgical test- results in the SSC2 and SPVC capsules.

| To determine damage parameter values, most participants used the calculated
fluences normalized with measurements at the SSC1. Adjustment procedures and
cosine-exponential fits were also used by some participants. Uncertainties were

,

1 quoted by some participants and were all on the optimistic side. None of the. '

quoted figures for damage parameter values differed by more than 30% in either
i direction from the ORNL evaluation, and 65% of the values were within +10% of
! ORNL. Differences:in the damage parameter determinations had very little impact

_

! on the determination of radiation damage. That is, some participants who pre-
| dicted low damage parameter values quoted high embrittlement values and vice
i versa.

The prediction of materials property changes, primarily NDT and USE for
j Charpies vs. fluence, were all based on one of the two formulas

f .AM = C ($t)a , or (2)

AM = C ($t)(a-b+1og($t)) (3)

with AM materials change and $t fluence > 1.0 MeV (or some other damage para-.

meter such as dpa). C is a " chemistry factor" which is either determined expli-
i citly from the chemical composition and a data base or used as a scale factor
! based on the SSC1 results. Formula (2) with a = 0.5 is used in NRC Reg. Guide
| 1.99.17 Other (usually smaller) values of a are used by some participants as
i obtained from their data bases. The "Guthrie formula" (3)18 replaces the
, straight line in a log-log plot by a parabola, taking into account that damage
| " saturates" faster than a single exponent would indicate. The parameters a and

b were either the ones originally obtained by Guthrie or modifications obtained
'

from their own data bases.

I The MEA and ORNL 41J-ARTNDT results were compared with Blind Test predic-
} tions and summarized in Table 5. Lowest and highest predictions are strikingly
; close to each other and mostly symmetrically distributed relative to the experi-

mental values. The largest deviation, between measurements and prediction, is,

; for the weld code (R) in the SPVC capsules. The high nickel content places this
; material outside the data bases from which the prediation formulas were
'

obtained. Aside from this material, no consistent biases nor major deviations-

between predictions and experimental values were found. Also, none of the pre-,

j diction formulas was consistently superior. '

; The explanation for this outcome can be found in the graphs, Figs. 7-12,
) which plot the experimental shifts against the damage parameter dpa. The data

points for each of these graphs can be fitted to a variety of straight lines (2)4

or slightly curved parabolas (3) within the indicated uncertainty bounds. Since
i- the actual curves show quite different slopes and curvatures for different

materials, no single formula will give a good fit for all of them. On the other,

hand, large uncertainties'and variability within the material, due to such
factors as heat treatment or position and direction of the specimen, will make,.

! . it -difficult to define any single unique approximation, such as (2) and (3).
1

-
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To explain the differences in trend curves for different materials quantita- I
tively, such more needs to be known about the physical processes which lead to

i
radiation embrittlement.' This can be obtained only with more detailed studies

; of the microstructure. The current information from this experiment and other
; metallurgical data bases is purely phenomenological. Any attempt-to fit such

data to some simple model results in fairly large data scatter which is noti

i likely to improve by adding more parameters to the model. In the Blind Test

| predictions, a la uncertainty of approximately +_20*C for ANDT was observed and j
; this uncertainty was about the same for different prediction formulas. The 1

~

uncertainty is likely to.be somewhat larger for predictions based on surveil- i

i lance specimen in commercial power reactors. More work is needed to establish
reliable safety margins in these cases.20

* It is Informative to compare the metallurgical results from the ORR-PSF
experiment with the predictions of the old Reg. Guide 1.99,17 which is based on

i formula (2) and the proposed revision 19 which is based on the Guthrie formula
3 (3).18 The chemistry factor in the old Guide is a linear combination of copper

and phosphorus, whereas the new version has the chemistry factor in tabular form
with copper and nickel as entries, separate for plate materials and welds. By,

; dividing the Charpy shift by the chemistry factor, all materials can be compared
on the same basis having only one upper bound curve for all materials in either '

.l Reg. Guide. As the graph in Fig. 13 shows and for the fluence range of 7 x 1018
|'

of correlation between chemistry, fluence, and NDT shif t, since the data points
to 5.5 x 1019 n/cm2 (E > 1 Mev), the old Reg. Guide is not a good representation

i are widely scattered both above and below the boundary line. The revised Guide
i

i shows much less scatter and data points from the same material appear to follow
| the Guthrie curve much better than the square root line in Fig.13. A safety

margin of 34*F for base metal and 56*F for welds which was suggested in (19) was;

j subtracted from the data in Fig. 14 so that most points now lie safely below the
i boundary line. The two exceptions are the code (K) and (R) materials. Both

{ have higher nickel content than any of the steels in the data base from which
the chemistry table was generated.18,19 It follows that higher safety margins
must be imposed on such materials. Or, alternatively, metallurgical irradiation

-

! experiments to several different fluences must be performed for such materials
to determine the proper chemistry (normalization) factor.

| The predictions based on the Reg. Guide are made with fluence (E > 1 MeV)
! as exposure parameter.- Using fluence (E > 0.1 MeV) or dpa changes the values
j slightly but by less than 10%.16 The attentuation formula in Ref. 19
!

| ANDTwall interior = ANDTwall surf ace . . 65x (4)
.

|- where x is the distance of the interior point to the surface in inches, gives
,' also slightly higher values than the predictions based on fluence (E > 1.0 MeV),

generally very close to the dpa values. The significance of spectral effects
| will be discussed below. *

,

?

!
'
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APPLICATION TO PV SURVEILLANCE AND REGULATORY PROCEDURES |

| |
,

These preliminary PSF metallurgical Blind Test comparisons show that the
various' embrittlement prediction formulas are adequate as rough approximations,
but that none captures the ec.splex and not-well-understood correlation between
radiation embrittlement and fluence, fluence rate, neutron spectrum, chemistry, '

t heat treatment and, perhaps, other factors. None of the current prediction for-
' - mulas appears clearly superior, but the Guthrie formula captures somewhat better ,

: the saturation effect at higher fluences, since the quadratic term adde more .

| flexibility. Improvements are possible in the following areas:

} 1. Realistic uncertainties need to be established in conjunction with pre- ,

i diction formulas. The Blind Test comparison gives some clues for the ;
size of uncertainties . (Table 5). Larger data bases and statistical |3

! evaluations, which are more specifically directed towards uncertain-
i ties, are needed for more definite results (see Ref. 20).

j 2. Prediction formulas which weta derived from a data base may not be valid
; for materials |whose composition is outside the range of the data base.

Substantially higher safety margine must be applied to such materials or
,

test irradiations performed to establish trend curves for the particular ,

'material.

!
! EFFECTS OF IRRADIATION TEMPERATURE. FLUENCE RATE. AND
I NEUTRON ENERGY SPECTRUM

l
j

| Current damage prediction formulas consider only chemistry and fluence as L

i determining factors. It is well known that ANDT is also strongly dependent on
i the temperature during irradiation, but few quantitative data are available.

Most irradiation experiments, including PSF, are performed at only one tempera-
! ture, either ambient or at 550*F, the operating temperature of power reactors.
"

Temperatures inside surveillance capsules are impossible to monitor during
,

operation and only rough bounds can be determined. Statistical evaluations of
! the HSST experiments 21 Indicate a temperature sensitivity of about 0.5 to 1.5
i degree increase in NDT per degree decrease in irradiation temperature. These r

| values are very tentative and may be dependent on the material and fluence. i

| They may serve, however, as guidelines for assessing uncertainties in ANDT due
| to uncertainties in the irradiation temperature.
i
! A dependence of damage on fluence rate has been suspected for some time and
! the PSF experiment has partly been designed to detect such effects.22 The Fige.
i 7-12 show indeed some definite differences in damages between the high fluence

rate SSC capsules and the low rate wall capsules at the same fluence levelsb
4

|' These differences appear to confirm' qualitatively the model of G. R. Odette
i for the damage mechanism, but no quantitatively conclusive results can be ,

| obtained from the PSF data.15 The effects are small, barely exceeding the
{ experimental uncertainties. It may be necessary, however, to consider rate |
1 effects, when test reactor results are to be applied to damage predictions in i

j power reactors. |
:

i
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i
:

The effects of different neutron energies to the total damage are even more4.

; difficult to determine. As G. L. Guthelel3 pointed out, there are only three
truly independent spectra in the PSF and all others can be represented as
linear _ combinations of the three. Thus, spectral effects derived from the PSF

4,
can be described by at most two parameters (e.g., fast and thermal fluence). In
reality, no clear distinction is found in the correlation between fluence and

damage for different exposure parameters such as fluence (E > 1.0 MeV) and dpa,
duetotheuncertaintiesinthedata..Thus,thetheoreticg1superiorityofdpacannot be supported experimentally by the PSF experiment.1 However, the use ofj

dpa leads to somewhat more conservative damage predictions and is therefore,3

i recommended. It is the basis for the extrapolation formula (4).10
a
:

RECOMMENDATIONS F0s FUTURE RESEARCH
i i

!

| The PSF experiment has essentially confirmed the broad trends for radiation
! damage which had been determined from existing data collections. Underneath

,

i these general trende if es, however, a bewildering variety of detailed structures
| which reflect the complexity of the damage mechanism and contributes to
i substantial uncertainties in predicting radiation damage. Any improvements in
i prediction will come only from a better understanding of the effects of radia-
| tion to the microstructure of the material and from a precise quantification of

,

i these effects. Future research planning should consider experiments that are !

i directed to a better understanding of the embrittlement mechanism. For example,
j omall angle neutron scattering can give quantitative information on the changes

of the microstructure from neutron irradiation. Information from these tech-4

| niques complemented by mechanical test procedures will give a better understand- -

| ing of changes on the mechanical properties produced by changes in the
microstructure.24,25'

!

| t
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Fig. 8. ANDT and upper shelf drop vs. dpa, A533-B plate.
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22 NIM 0CR37 FORGING
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Fig. 9. ANDT and upper shelf drop vs. dpa, 22NiMoCr37 forging.
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B508-3 FORGING
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Fig. 10. ANDT and upper shelf drop vs. dpa, A508-3 forging.
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; SUBMERGED RRC WELD (EC)
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Fig, 11. ANDT and upper shelf drop vs. dpa, submerged are weld (EC).
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SUBMERGED RRC WELD (R)
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Fig. 12. ANDT and upper shelf drop vs. dpa, submerged arc weld (R).
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F ig. 13. Positions of ORR-PSF Charpy data relative to Reg. Guide 1.99.
Data are' adjusted for chemistry factors. Data'above the line
are_underpredicted..
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Fig. 14. Positions of ORR-PSF.Charpy data relative to the revised-
.

Reg. Guide 1.99 (Guthrie formula).-- Data are adjusted for
chemistry factors, and safety margin is added. Data above
the line exceed predictions including safety margin.i

!

132



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

Teble 1.- Flutness and dpa at espsule centers
i
|

| 4>1.0 Std. $>0.1 Std. $<0.4 Std. 4 total Std. dpa -Std.
I MeV -dev. MeV dev. eV -dev. dev. dev.

(%) (%) (%) (%).(10-2) (g)

SSC1 H4 2'56* 5.1 7.74 5.8 1.26 7.4 14.20 5.8 4.07 4.9.

SSC2 H9 5.50 5.1 16.84 5.8 2.79 7.4 30.55 5.5 8.80 4.9

0-T H14 4.10 5.1 12.26 5.8 6.29 7.6 27.66 5.8 6.56 4.9

1/4T H19 2.21 5. 2' 8.98 6.0 0.84 7.9 14.75 5.5 4.13 5.2
1/2T H24 1.05. 5.4 5.83 6.0 0.27 8.3 9.17 5.6 2.39 5.4 .

* Read values for 4>1.0 MeV, 4>0.1 Mev,-$<0.4 eV, and 4 total as
2.56 x 1019 2neutrons /cm , .te,

Table 2. Fitting parameters for formula (1)

P* BX X0 BZ Z0 A YoO

(ca-1) (cm) (cm-l) (ca) (ca-1) (cm)
i SSCL

4t>1.0 MeV 2.500E+19 0.0499 0.41 0.0436 0.97 0.176 13.29
4t>0.1 MeV 7.607E+19 0.0507 0.37 0.0464 0. 80 0.134 13.29,

dpa 3.995E-02 0.0502 0.38 0.0449 0.90 0.156 13.29
SSC2

4t>1.0 MeV 5.341E+19 0.0528 -0.95 0.0457 0.03 0.176 13.29
4t>0.1 MeV 1.648E+20 0.0539 -0.88 0.0484 -0.02 0.134 13.29
dpa 8.580E-02- 0.0533 -0.91 0.0470 0.02 0.156 13.29
0-T

| 4t>1.0 MeV 3.924E+19 0.0517 -0.69 0.0395 0.72 0.107 24.05
4t>0.1 MeV 1.214E+20 0.0522 -0.64 0.0432 0.71 0.042 24.05,

'

dpa 6.452E-02 0.0516 -0.67 0.0414 0.71 0.079 24.05
1/4T4

4t>1.0 MeV 2.143E+19 0.0478 -0.96 0.0378 1.30 0.134 28.56
4t>0.1 MeV 8.823E+19 0.0486 -0.86 0.0425 1.14 0.070 28.56
dpa 4.037E-02 0.0481 -0.91 0.0407 1.21 0.097 28.56

! 1/2T
*

4t>1.0 MeV 1.016E+19 0.0441 -0.94 0.0349 ' 1. % 0.146 33.70-
4t>0.1 MeV 5.727E+19 0.0452 -0.79 0.0413 1.48 0.089 33.70

- dpa 2.333E-02 0.0450 -0.83- 0.0395 .1.59 0.107 33.70

* Values for 4t > 1.0 MeV and 4t > 0.1 MeV are-in neutrons /cm ,2,

| Unadjusted spectral fluence:; + 1u%.
|

P(X,Y,Z) = Po cos B (X-Yo) cos Bg(Z-Zo) e- @ -Y ) U)X O
~

None of the estimated ~ a.tandard deviations for damage parameters
exceed 10% after adjustment and fit. Interpolation-extrapolation
introduced up to 5% uncertainty.
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Table 3. List of materials and chemical compositions (wt-%)

Material Heat code Supplier P Ni Cu

A302-B (ASTM F23 NRL 0.011 0.18 0.20
reference plate)
A533-B (HSST 3 PS , NRL 0.011 0.56 0.12 i

iplate 03) 3PT, 3PU

22NiMoCr37 forging K KFA 0.009 0.96 0.12

A508-3 forging M0 MOL 0.008 0.75 0.05

Submerged arc weld EC EPRI 0.007 0.64 0. 24
(single vee type,
A533-B base plate)
Submerged arc weld R Rolls-Royce 0.009 1.58 0 . 23
(single _ vee type & Assoc. Ltd.
A533-B base plate)

|

|
|
,
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Table 4 Summary of radiation damage determinations for the Charpy specimen

ANDT Std. ANDT Std. ANDT Std. Upper shelf Std.
6t > 1.0 MeV $t > 0.1 Meg dpa 13 dev. 68J dev. 0.89 mm dev. drop dev.

(n/cm2 10I9)* (n/c.2.lo19) (10-2) (4.C)(*C) (*C) ('C) (*C) (*C) (J) (J)
A-302-3
SSC1 2.59 7.4 3.86 78 +12 84 +17. 4 +10 23 +8
SSC2 5.38 15.35 7.% 94 Ill (101)** 715 92 +10 33 76
0-7 3.95 11. 4 6.06 77 710 (87) 720 (77) 716 25 +7
1/4 T 2.16 8.13 3.70 65 718 (109) 783 (72) 715 29 76
1/2 T 1.03 5.27 2.11 52 110 (57) ll? 56 {l0 26 37
A-533-5
SSCI 2.32 6.61 3.44 71 +11 71 +12 85 +9 28 +11
SSC2 4.83 13.63 7.11 84' 710 86 Ill 91 77 40 713
0-T 3.59 10.20 5.4 71 +13 (92) 725 91 710 42 713
1/4 7 1.95 7.13 3.28 69 79 65 77 74 +6 40 713
1/2 7 0.94 4.60 1.87 52 110 52 18 57 17 22 513
22NIMoct37
SScl 1.75 5.69 2.77 (52) +16 57 +11 78 +7 47 +16
88C2 3.64 11.70 5.72 109 714 114 710 117 78 69 716
0-T 2.71 8.77 4.40 81 +16 90 710 97 77 43 716
t/4 7 1.47 6.11 2.64 66 718 82 Til 93 78 48 716U 1/27 0.71 3.97 1.51 66 El3 71 {9 74 {8 40 115
A-508-3
SSC1 1.93 6.32 3.07 15 +7 13 +5 18 +5 32 +14
SSC2 4.02 13.02 6.34 39 77 38 75 38 75 37 714
0-T 2.95 9.65 4.80 27 77 24 75 26 75 29 Ill
1/4 T 1.60 6.84 2.92 23 76 20 75 23 75 7 714
1/2 T 0.77 4.45 1,67 22 37 24 E6 21 16 26 114
Submersed are weld (EC)
SSCI !.87 6.!! 2.97 112 133 (166) +120 (142) +35 33 +14
SSC2 3.90 12.59 6.14 123 160 (157) - 138 120 33 1140-T 2.88 9.45 4.71 125 150 - - (171) 616 34 +11
1/4 T 1.60 . 6.82 2.92 % +18 - - (!!8) +22 31 +14
1/2 7 0.77 4.48 1.68 94 120 (136) +65 (129) {42 26 {14*
Submersed are weld (R)
SSC1 2.46 7.07 3.66 230 12 259 +21 2601 117 98 115
SSC2 5.13 14.56 7.57 309 138 - - 352 . +64 123 +15
0-T 3.81 10.97 5.83 294 115 - - (364 ) +56 110 +15
1/4 7 2,12 7.95 3.62 270 125 - - (321) +58 108 714
1/2 T 1.02 5.21 2.09 242 144 - - 270 122 98 114
*neutroes/c 2.lo19

** Values in parentheses are obtained by estrapolation and may be unreliable.

!
,
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Table 5. Comparison between experimentally determined 41J
Charpy shift and Blind Test predictions

Smallest and largest Difference |
Determined from values predicted by Blind Test -i

Charpy curves Blind Test participants CV81
'

CV81* Std. MEA ** Min. Max. Min. Max. |

('C). '(*C) (*C) ('C) ('C)- (*C) ('C) ,

|

A302-B

-SSC1 78 +12 82 71 98 -7 +20
SSC2 -94 }[11 94 75 112 -19 +18
0-T 77 .+10 81 71 96 -6 +19
1/4T 65 718 67 65 81 0 +16
1/2T 52 . }[10 50 45 66 -7 +14

! A533-B
i SSC1 71 +11 61 45 69 -24 -2

SSC2 84 710 81 62 99 -22 +15
0-T 71 713 75 60 87 -11 +16
1/4T 69 I9 69 54 63 -15 -6
1/2T 52 }[10 53 26 52 -26 0,

| 22NiMoCr37

; SSC1 52 +16 61 57 77 -5' +25
! SSC2 109 }[14 94 65 110 -44 +1

0-T 81 +16 72 63 97 -18 +16.
1/4T 66 718 78 52 76 -14 +10 -

t 1/2T 66 }[13 56 '45 64 -21 -2

| A508-3

| SSC1 15 +7 20 6 43 -9 +18
SSC2 39 +7 39 11 53 -28 +14
0-T' 27 I7 '25 10 49 -17 +22
1/4T 23 76 20 8 42 -15- +19
1/2T 22 ][ 7 14 6 35 -16 +13

Submerged are weld (EC)

~SSC1 112 +33 108 99 118 -13 +6
,

SSC2 123 +60 119 130 153 -7 +30
0-T 125 750 124 121 ~135 -4 +10
1/4T 96 I18, 94 91 115 -5 +19

. 1/2T 94 }[20 89 63 103 -31 +9
|

| Submerged arc weld (R)

SSC1 230 +12 222' '218 227 -12 -3 '
SSC2 309 738 289 246 319 -63 +10
0-T 294 715 286 239 288 -55 -6
1/4T 270 725 256 180 218 -90 -52
1/2T- .242 }[44 239 143 189 -99 -53

*0RNL evaluation.
** Evaluation in Ref. 4
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| THERMAL'AND STRUCTURAL ANALYSIS OF LIGHT-WATER REACTOR
l a

VESSEL IN-PLACE ANNEALING .

j by

|
'

W. L. Server
i

Idaho National Engineering Laboratory
EG&G Idaho, Inc., Prime Contractor

.1. P. Houstrup
'

Combustion Engineering, Inc.

A thermal anneal cycle at a temperature well above the normal
operating temperature of a reactor pressure vessel can restore most of the
original toughness properties lost due to radiation embrittlement. The
heat treatment required for commercial reactor vessels in the United States -

would involve an annealing temperature of around 454*C (850'F) for one week

(168 h); the heat treating method requires radiant heat transfer by dry air
,

to the inside of the evacuated reactor vessel localized in the beltline,

region.

Critical questions of dimensional stability and residual stresses
arise for such a localized heat treating cycle. Prior to actually

! performing an in-place. anneal, detailed elastic-plastic finite element
calculations are required. Previous work on in-place annealing only

| superficially treated these concerns. Therefore, the degree of distortion
'

and residual stresses after an annealing cycle were investigated by Idaho
National Engineering Laboratory (INEL) through a subcontract with
Combustion Engineering, Inc. (CE).

Two-dimensional.axisymmetric calculations were performed using a
typical 4.37 m (172 in.) inside diameter CE-design 1 reactor vessel. The
finite element thermal model included a thermal simulation of the six

,

|

| a. Work-supported by the U.S. Nuclear Regulatory Commission, Office of |
| Nuclear Regulatory Research, Under DOE Contract No. DE-AC07-76ID01570.
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,

l
,

I

nozzles, piping, and three vessel supports. The vessel cover was assumed
Ito be a thermal / radiation shield of 58 cm (23 in.) of reinforced concrete

jacketed on both sides with 1.3 cm (0.5 in.) of carbon steel insulated on
- the bottom. Normal service insulation was used on the inside surface of

L the vessel between the heated zone and the shield cover as well as the
' vessel exterior and piping. Vessel cladding was assumed constant at

7.94 mm (0.3125 in.) of stainless steel,

i ihe heat source was divided into five zones of time-dependent-heat
fluxes imposed over 120% of the core length as shown in the thermal model'

j in Figure 1. Initial attempts at using a uniform heat flux throughout the
j heated region proved unacceptable in that the temperature profile was not

uniform; temperatures at the extremes of the heater were as low as 316*C

(600*F) when the inside temperature was held at 454*C (850*F). Therefore,
significantly higher heat fluxes were needed at the two end zones of the
heater, especially at the top end where relatively large heat losses occur
through the nozzles and cover.

"
.

It was hoped to achieve temperatures throughout the beltline of
454 i 14*C (850 1 25'F); however, since the process of achieving this;

profile is iterative, once this goal was approached, the computer was,

stopped. The temperatures at the ends were a little out of tolerance at
.

the beginning and end of the 168-h hold period as shown in Figure 2. A

heat-up rate of 14*C/h (25'F/h) was used, but the cooldown rate was less
! since natural cooling was employed. Vessel isotherms at the end of the

168-h hold period are shown in Figure 3. Temperatures in the nozzle region-
and the bottom head are very near normal operating temperatures.

|- The structural model is basically the same as the thermal model except
, that the cover has been replaced by a simple uniform load and the pipe
( support modeling has been changed to reflect structural action. Beam

~

| elements were carefully used to simulate the actual nozzles, and a gap.
element was used'to simulate the steam generator sliding action. Nonlinear
elastic-plastic creep properties were utilized in the analysis. Because of.
the slow. temperature changes and relatively low temperatures (therefore,

i
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low creep rates), long time increments per iteration could be used in the
ANSYS computer code. Figure 4 is an exaggerated view of the expansion of
the vessel at-the end of the 168-h hold period. The axial temperature

i gradient in the vessel produces a " coke bottle" shape, and the rotation
(approximately 0.2 degrees maximum during heat-up) of the vessel wall bends
the primary piping connected at the nozzles. Thus, the piping experiences
a plastic deformation at the nozzle safe end.

l
The results with regard'to the react'or vessel are very positive. |

1

Thermal stresses during the entire cycle were moderate (less than yield),

and the residual radial deformations do not exceed 0.036 mm (0.0015 in.).
The residual stresses are shown_in Figure 5 and do not exceed 39 MPa !

(5.7 ksi) in the meridianal direction or 32 MPa (4.6 ksi) in the hoop
direction. These low residual stresses are secondary in nature and pose no
threat to the operating life of the vessel.

i-

The primary problem identified is the plastic bending in the
connecting primary piping. One approach to minimize this bending effect is
to extend the heating length closer to the nozzles in order to reduce the
rotation due to the " coke bottle" effect. However, the temperature profile
must be carefully controlled so that the residual stress regions at the
edge of the heater do not occur at the nozzle intersection. Summarizing
the initial thermal / structural analysis, the following results were:

obtained: the integrity of the reactor vessel is maintained'after the
annealing process, temperatures away from the heated area decay rapidly,
zones of varying heat flux are needed to obtain an appropriate temperature
profile, and rotation at the nozzles during heating causes plastic bending

i in the attached primary piping system.
!

.

Further analytical work has attempted to find a solution to this
bending effect by extending the heating length up to the nozzle region in
order to reduce the axial thermal gradient. Unfortunately, even by heating
the nozzle region to around 343*C (650*F) and reducing _the range of the
thermal gradient, the actual gradient induced at the nozzles was not
significantly reduced.

!
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-Using the extended heating zone, the post-anneal residual stresses in
the vessel are much less than those shown in Figure 5 due to the more
uniform heating with the extended heater length. Future work should be

j- directed to further extension of the heaters to the vessel flange and to
! increasing the nozzle region temperature. However, individual plants will
; require separate analyses since variations in the locations of the

beltline, nozzles, and flanges exist along with different vessel support
arrangements. Precise control of the temperature gradient across the
nozzle height is extremely important in order to eliminate the plastic
hinge formed at the attachment to the reactor nozzle safe end. An elastic

!beam algorithm can be used to define the maximum allowable gradient
relative to the reference temperature in order to ensure no plastic
bending. With proper monitoring and control, the plastic bending at the
nozzle safe-end weld region can be solved.

i
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Thermal and Structural
Analysis of Light-Water In-Place Thermal Annealing
Reactor Vessel in-Place
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W.L. Server

. Radiant heat transferin air (" dry")Materials Science Division
sad

* 454'C(850'F)for1 week (168 h)J.P. Houstrup
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! L i Thermal / Structural Analyses Summary
'

| I
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* Vessel integrity is maintained---
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| - Thermal stresses below yieldm. ;

3.b I ]'" - Residual deformation <0.036 mm (0.0015 in)
's*ib lIy ' - Residual stresses <3g MPa (5.7 ksi)'' -2=

* ^== * * Temperatures decay rapidly away from heated zone
* * Zones of varying heat flux are needed_ ,,[ \, ,1

-- *

-ab j - -aa * Rotation at the nozzles causes plastic bending
-b In attached primary piping
. .g.
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Further Calculations Conclusions

* Extended heating zone above the nozzles * Vesselintegrityis maintained

* Heated nozzle region to nominally 343*C * Plastic bending of primary piping is
(650*F) a problem

* Produced more uniform heating and reduced * Precise control and monitoring of
residual stresses temperatures across nozzles needed to

solve pipe bending problem
* Did not significantly reduce plastic bending

of attached piping * Plant specific calculations will be needed

..
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' SYNOPSIS,

1

The pressure vessel of the BELGIAN BR3 plant, a small (11 MWe) PWR
prpsently used for international fuel testing programmes, and operated

the SCK/CEN, Moi, BELGIUM site since 1962, has been annealed duringat

March 1984. The anneal, an engineering success, was performed under wet
: conditions for 168 hr. at 650 *F with core removal and within plant
!

design margins /1/. An interim post-anneal operation license has been'

. granted by the BELGIAN Authorities after extensive technical review with
experts from the USNRC licensing branch, under the leadership of Dr. W.
JOHNSON. The license is presently limited to a period such that the
Pressurized Thermal Shock (PTS) screening criterions /2/ should not be

.

exceeded, but it is-planned to apply for an extension of this license
beyond the generic " warning signal" embodied . in these criterions.

'

Actually, owing to a number of plant specificities to be outlined in
this paper and already described to some extent elsewhere /3//4/, it is

j considered that the vessel would have remained fracture-safe till 1987
! without anneal; this assessment is not yet entirely demonstrated however
| with respect to the potential threat associated with a few hypothetized
.

overcooling accidents, for which the current transient definitions /5/
may admittedly be inaccurate. On another hand, under, normal, test or;

upset operation conditions, the vessel integrity in 1987 without anneal
cannot .be seriously questioned, neither from an engineering assurance
standpoint nor in terms of the Regulatory intentions of the applicable
Code /6/ and Guidelines /7//8/. The anneal has consequently been viewed
as a plant-specific experience readily achievable at low cost and

expediently effective in alleviating the timing as well as the' financial
constraints of a complete PTS safety analysis by 1984. Rather
compelling also was the fact that, even though core melt risks

potentially' stemming from a severe vessel overcooling were deemed
acceptably small, the -economic- penalty of an eventual. vessel; -

1

! requalification or plant shutdown may have turned unbearable, should
i

certain hypothetized transients develop, such as the ones . entailing

| crack ' initiation with arrest before vessel half-thickness (1/2 T) ' and
i near upper shelf fracture toughness levels . By contrast, the low plant

service temperature of 500 ' 'F (260 *C) was bearing the promise of
sufficient embrittlement recovery to remove'such concerns till 1987.

,

r
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I The work _ overviewed in this paper is the result of an interdisciplinary

effort, consolidated since 1982 into a coordinated program involving a

number of experts and organizations, as identified under the titlehead

and by the references /9/ to /18/. The program is not completed yet and
consequently, this overview must be seen as a progress report. |

! Furthermore, it must be clearly understood that any information )
contained herein is provided under the sole responsibility of the

SCK/CEN team authorship, and that any position statement made 'or 1

conclusions drawn do not 'necessarily reflect the views _ of other

contributing organizations or experts.

;

The paper is intended at providing a brief review of the various tasks1

entailed by the - evaluation of this vessel anneal, with emphasis on

plant-specific metallurgical embrittlement trend curve development and
on overall RPV integrity assessment. The engineering aspects of the

! anneal will be addressed elsewhere /1/.
i
<

SUMMARY OF_BR3 PLANT CHARACTERISTICS RELEVANT TO RPV SAFETY EVALUATION
;|

As shown by figure 1, BR3 is not comparable to any generic PWR-(except
maybe to naval propulsion reactors, which are not currently described in

j the open literature).

The vessel dimensioning to ASME Section I specifications results in

j significantly lower pressure-induced hoop stresses than for larger

|
commercial plants (diameter-to-thickness ratio /12/); concurrently,
thermal stresses for normal heat-up and cool-down conditions are about

,

five times less than in ASME-III designed vessels (because the_BR3 wall
!

thickness is about half the one in these larger units) . Furthermore,

BR3 does not need to be brought critical below the service _ temperature,

' of 500 'F. The benefit of these various specificities is illustrated by

-fig. 2: in short, BR3 can be operated up to a beltline nil-ductility

transition temperature RT of 400 *F /19/ without violating 10 CFR50g
App. G. requirements /6/. Furthermore, it has been established /12//13/.
that under normal, test or upset operation conditions, upper shelf

safety _ margins are more than adequate well below the current 10 CFR50
App. G requirement of 50 f t.lb absorbed-energy in the Charpy-V impact

146
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test (fig. 3); the oldier Regulatory requirement of 30 ft.lb, in vigor

even beyond the ASME-1 design era, is the one that does apply to BR3 in

a perspective of complying with the Regulatory intention. It has been

verified, upon NRC suggestion, that these safety margins were still

| adequate during the 650 *F anneal at the applied pressure, midway

between service . and design. The concern was the drop of upper shelf

properties with temperature /8/, especially for the vertical weld seam
,

(fig. 1). Even when crediting minimal benefit /12/ for fracture

toughness increase with eventual stable crack growth, the allowable

pressure for the ASME Section III reference 1/4 T flaw was

conservatively estimated as 4900 psi, to be compared with 6700 psi under
normal service conditions. The anneal has consequently not caused any
growth of possibly existing flaws in BR3. Besides improving fracture

toughness, the anneal does entail a warmprestressing benefit /20/

sufficient to largely offset any conceivable secondary concern. An

evaluation /9/ of fabrication procedures for the BR3 vessel has been

made, by the manufacturer BABCOCK-WILCOX. This covers also pre-service

inspection. Records dating back to over a quarter of a century have

been retrieved and examined. Radiographic evidence is available of an

uniquely " clean" weld, one among the first few automatic submerged-arc
seams realized for the incipient nuclear energy industry, using LINDE

OXWELD 40 wire with nickel bearing LINDE 80 flux. This BR3 vertical

weld has been found to govern the RPV safety and is therefore addressed

more extensively herein than the plate, an A302B nickel-modified LUKENS
i STEEL heat.

; Thermohydraulic and operation specificities of this one-loop plant

| (Fig.1) are roughly summarized in a later section dealing with

: pressurized thermal shock.
|

BR3 MATERIALS SAMPLING

Essential to RPV embrittlement. prediction and/or projection is a good
knowledge of materials composition. Complemented by heat treatment
documentation, it allows to assess the microstructural interaction of

irradiation-induced interstitial and void defect growth with the

movement of lattice dislocations.

| 148
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Pg2 Plant-specificty of upper-she(f safety margins,
efeiture assessment diogmm (Bloom,1983: schematic)
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-Because the heat number and diameter of the wire used for the BR3

vertical seam weldment is unknown, on-site. specimen sampling was decided

| . and executed by a specialist team at ROLLS ROYCE ASSOCIATES (England)
I under- the - leadership ~ of Dr. J. GOODMAN. This operation is well

documented /10/. . It was executed in two phases, the second, decisive

one resulting from lessons- drawn from the initial one. Figure 4

'schematizes'the accomplishment. This high-precision drill sampling was.

limited to. an unbrittled zone referred with respect to the nozzle

c.enterline (fig. 1 and 4).and located above the upper top of the thermal '

shield (essentially unremovable). The primary objective was to obtain

valid chemistry data'for the weld. Given the fabrication procedure'/9/,
~

it was necessary and sufficient to extract specimens at three depths

under the stainless steel clad deposit in order to insure that the

beltline composition would unambiguously be determined up to the vessel
quarter thickness (sampling a representative range of weld beads).
Outside of the welding area, the clad is spot-welded to the plate and

^

photographic evidence (localization of the spots) could be obtained by
the BR3 team. Combined to engineering drawing tolerance analysis, these3

photographs allowed to decide that the first sampling (holes 1, 2 and 3
i on fig.-4) did not hit the weld centerline, but the heat-affected zone.

This had been suggested to be the case on basis of initial chemistry
,

results.

[ The U.K. team could accept to return in order to sample the holes marked
4 'to 8 on fig. 4. This delicate operation was again conducted most

.

precisely and in such way as to inen that no water penetration access

would be created in the spot-9 sd : laming zone. The - best chemistry

data available at this t w To .ompared in . Table I to the ones#

; developed for- the archive mater 1.1.4 used for the accelerated . test
I program to be outlined in a subsequent section. . Reporting the details,

. including chemistry benchmarking precautions, is beyond the. scope of
~

this' review. The highlights are :

f_ 1) Both weld, . plate and HAZ chemistries ' are spatially uniform (one
I' drilling was .through a plate repair zone and displayed marked

. inhomogeneity),
|
t-
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TABLE I COMPARISON BETWEEN BR3 VESSEL AND ARCHIVE MATERIAL CHDlISTRIES

Chemical Composition (wt. percent) (ppa)

C Mn P S 81 Cr Ni Mo Cs V Al As 0 N2 2

BR) WELD o.12 1.20 (0.018)* o.019 0 32 0.06 0 70 0.49 0.18) < 0.01 0.10 0.01

W1 (*) 0.09 1.4o 0.021 0.020 0 54 0.07 0 56 0.40 0 31 0.008 0.001 0.018

W2 (*) 0.1o 1.42 0.020 0.021 0 52 0.07 o.56 0.41 0.26 0.008 o.003 o.018

W3 (*) 0.c9 1 53 0.017 0.021 0.44 0.09 0.67 0.41 0 32

W-D (*) 0.o8 1 74 0.014 0.013 0.41- 0.14 0.6o o.41 0.19 c.008 o.005
W-E(a)(b) 0.10 1.68 0.013 0.016 0 56 0.07 0 56 0 39 0.23

BR3 PLATE o.28 1.25 (0.020 )" o.020 0.26 0.06 0 56 0.47 0.19 < o.04
PT-A ")I*I o.22 1.44 0.011 o.021 0.24 0.10 0 55 0 59 0.19 0.004 0.033I

HSST-03(d) C.20 1.26 0.011 0.018 o.25 0.10 0 56 0.45 0.13 0.034

'Best estimate, ref. A.L. LoWE Jr. and L.B. GROSS; BAW-1807 (1983).g
u To be confirmed.
>a "1957 Mill Report Analysis. Results for other elements agree well with 1983 vessel material sempling data.

* Materials procured for BUTTALo Test Roctor Irradiations through contractual agreement with A. LoWE Jr. (B&W).

Cooperative gift from EPRI. Quad Cities II surveillance weld metal (RP 2180-06 and RP 1021-3).

Electrical furnace vacuum degnesed melt while BR3 is open-hearth fabrication. Consequently, is not good match on upper shelf
(Longitudinal = 124 ft.lb, transeerse = 94 Ft.lb, un-irradiated). Because of week correlations between defects governing shelf and
transition ranges, material is considered as reasonably adequate for RTNDT assessment purposes.

(d)C.E. Childress -oRNL-TM-3191 (1971). Specimens from 03 MB block irradiated in BR) cycle 4C.

e

|

Y
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2) Copper contents in weld and plate are roughly similar (0.16 - 0.19)
but the nickel content of the weld is relatively high ( 0.70).

3) _ Good agreement is obtained between the sampling results and the
mill analysis report for the plate. I

-

This chemistry analysis work is still being continued. The process-is

not rapid : attention has to be paid into " benchmarking" the techniques ),

(which differ between laboratories and element groups). The' expensively
unique BR3 samples are released for analysis when confidence has been

obtcined that the achievable accuracy meets the requirements.

BR3 PHYSICS-DOSlMETRY,

i

i

A detailed documentation is available /16/ and the results. are
illustrated on fig. 5. Accuracy goals /4/ have been met.

4

I

The characterization involves the following :

1

Detailed neutron- and gamma-ray -(heating) ex-core transport theory
calculations, including cycle-to-cycle variations, and a

methodology benchmarked on the PCA /21/ and VENUS /22/ experimental"

results; the source term description '(core analysis) has however
been independently provided (BELG0NUCLEAIRE) and is not benchmarked

in terms of pressure vessel exposure concerns

*
i In-core accelerated capsule dosimetry (high flux position on fig.5)'

* Thermal shield sampling dosimetry, _ obtained concurrently to the
weld chemistry effort outlined in the previous section.

!

Ii
-/23/ by means of the JANUS Compton-Recoil| Ex-vessel examination

|

| - Gamma-Ray Spectrometer supports the low-energy _ part of the . neutron
;

transport. analysis, which is the most difficult one to predict.

All in all, theory is abut 10 % higher than ' experiment : this is a

remarkable agreement in the'present context.
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Table II- summarizes our evaluation of "best" neutron fluence exposures
~

! - and - their upper bounds for the weld - (azimuthal effects are small, i.e.

<< 20 %). Mean values have been used as objectives for the

irradiation-anneal-reirradiation . test program. Upper bound values

however are - conservatively assumed for the vessel structural integrity
analysis.

-j

'
TABLE 11. BR3 NEUTRONIC EXPOSURE

_

Vessel Inner Surface Vessel Quarter Thickness4

WHEN
MEAN UPPER BOUND MEAN UPPER BOUND

START,

CYCLE 4D 3.43,19- 4.22,19 2.45,19 3.01,19

(1984)1

END

CYCLE 4D _4.07.19 5.01,19 2.91,19 3.58,19

; (1987)
,

1

DEVELOPMENT OF PLANT-SPECIFIC METALLURGICAL EMBRITTLEMENT TREND CURVES

This objective is yst challenging .in views ' of the very limited

mechanical testing information directly obtained during. the plant
'

commissioning, the lack of an adequate surveillance program and the

i non-generic irradiation temperature of 500 *F. The difficulties are

further compounded by the-fact that the vessel has been anneale'd.4

|

The approach taken to address this task consists of :

1.'A dedicated irradiation and testing program conducted by MATERIALS
ENGINEERING ASSOCIATES (MEA) at the State University of New York,

at Buffalo, using the archive materials' identified in Table I .

2. A comprehensive analysis of radiation annealing-mechanisms for all

materials in the test program in order to provide physically-based-

! projections toi the BR3 itself. This work is -carried out - by

154
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1

|

Consultant Dr. Ing. D. PACHUR /24/ and will be finalized by the end
of~CY 1984; it relies :strongly on detailed chemistry information

~

for the test materials and from the vessel sampling, including the
j assay,of gazes (nitrogen, oxygen, hydrogen). The chemical analysis
1

-

|- effort has encompassed significant attention to the validation of

techniques and is now nearing completion.,

i

The final trend curves are intended at combining all data from this-

program and from the relevant literature, examined in such way that

upper bound recommendations do embody a reliable physical as well as,

statistical foundation.
.

'

In the interim, empirical engineering-type correlations have been

proposed and tentatively accepted as decisional guidance for a limited

plant operation period. These are briefly reviewed herein. Figure 6

indicates that- 19 irradiated Charpy-V impact test curves are presently

f available for the program materials, with only 6 of them - within the

embrntlement " space" covered by the B & W Linde 80 flux submerged-arc
weld data base of 26 similar curves from surveillance capsules

irradiated near 550 'F /25/. (The line drawn through the data is not

meant to convey more than historical significance /26/). It _ - is thus
clear that if the BR3 data base had not been developed, 'significant

i extrapolation beyond current knowledge would have been necessary. As

clearly, the question of using test reactor data for PWR' application had>

to be addressed, and our conclusions to this respect are illustrated on
j fig. 7 for pre-anneal weld trends. The absence of an observable flux

! level effect is predicted also by mechanistic modelling /24/ for the

pre-anneal condition. It must be cautioned that _ our statement: about
aging may not be valid for the highly-embrittled RR & A weld data from

the-PSF program, represented by the five points on the right-hand sides
of figures 6 and 7 (at RTET > 350 'F). -It is implicit in current

trend curve formulations (/25//27//28//29/ 'for example) that flux

| spectrum effects . are hardly discernible, and this explains well' our

conclusion to this respect. In particular, the ratios $g gg/dpa at
f BR3 vessel quarter-thickness and in the Buffalo test rigs do not differ
I

by more than 8 %, i.e. an insignificant amount. The exposure uniti

consequently adopted throughout this paper is'the flux of neutrons with

energy greater than 1 MeV ($)y g4y).i

I
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The next question is . the one of irradiation temperature influence,

illustrated on figure 8. An equation for the accepted mean trend for

| both welds and plates is'given elsewhere /4/. This has not been found
j to be affected by the choice of a particular 550 *F correlation among

the four ones referred above and in the footnotes to Table Ill. What is
affected however, as shown by the Table, is the judgment about which one.

from the five program welds does constitute the closiest match to the

BR3 weld under 500 *F exposure-assuming that copper and nickel only
enter into the chemistry factor of the formulation. We indicate our

preferred choice, but must stress that it is tentative at this time.,

Our preference is based on the fact that the terms involving nickel in
the weld chemistry factors have governing significance and that the BR3
nickel weld content is higher than for all program welds but W3 (Table
1 ); the two preferred correlations are the ones to perform the best at
high nickel contents.

'

However, anneal mechanisms are not traceable to copper and nickel alone,
if at all; other alloy or residual elements enter into play, such asj

chromium, vanadium, gazes This is displayed clearly by the next... .

step of our present derivation : anneal recovery. This has been treated
i at this stage by means of the recently published correlation of B.

MCDONALD /30/, as shown on fig. 9. The result for weld W-D is not
consistent with the general trend, and it is not to a significant

degree. Tentatively the deviation is attributed to the detrimental role

( of chromium on annealing, as observed in other work by D. PACHUR and as
also suggested in reference /31/; this is not to say that in the
pre-anneal condition, chromium would have any detectable effect. But we
believe that weld W-D is not a good " mock-up" of the BR3 weld af ter
annealing has taken place.

Another significant depart.ure from the correlation has been observed
! /32/ when annealing HSST-03 plate specimens (Table 1 ) exposed for 8000

I9he in BR3 at 525 "F and to a neutron fluence of 2.7, 10 cm :
~

essentially 100 % recovery was obtained for the nil-ductility transition
temperature shift after 168 hr anneal at 750 *F and 60 % recovery at
650 *F, while prediction ranged from a modest recovery in the first case
to a negligible one in the second. By contrast, pre-anneal results
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TABLE III. IF 500 F POST-ANNEAL TREND CURVES CAN BE DERIVED FROM PRE-ANNEAL TREND CURVES AT 550 *F
THROUGH OUR EMPIRICAL CORRELATION APPROACH,"THE BR3 WELD BEHAVIOUR WILL BE SIMILAR TO THE

,

ONE OF ARCHIVE WELD W2 WHEN USING OUR PREFERRED 550 *F PRE-ANNEAL TREND CURVES
I

50, 18 cm-2 > , g,y 3,o, 39 ,,-2 3 3 g,y 3,o, 39 e,-2 > 1 MeV 50, 19 cm-2 > 3 g,y-

(1)- (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4) (1) (2)- (3) (4)
,

W1 208 203 201 182 261 254 246 229 346 329 339 331 382 356 393 392

W2 191 184 184 167 240 230 225 211 318 298 309 305 351 324 359 361

W3 225 224 225 225 283 280 275 284 375 362 378 408 414 393 438 484

W-D 169 167 167 161 213 209 204 204 282 271 281 295 311 294 326 349

W-E 181 174 174 158 227 217 212 200 300 281 292 289 331 305 339 343
,,

h"

BP3' 177 185 184 198 223 232 225 250 295 300 309 360 325 326 359 427

THE QUOTED FIGURES ARE 30 ft.lb TCy SHIFTS AT 500 *F ASSUMING THE-FOLLOWING 550 *F TREND CURVE
FORMULATIONS :

.

(1) P.N. RANDALL, G.L. GUTHRIE - ANS Annual Meeting, Detroit, Michigan (June 14, 1983,).
(2) G.L. GUTHRIE - NUREG/CR-2805, Vol. 4, p. HEDL-3 to 13 (1983).
(3) J.D. VARSIK et al. - EPRI . Report NP-2720 '(1982).
(4 ) A.S. HELLER , A.L. LOWE, Jr. - Report BAW-1803 (1984 ).

*Using mean copper, nickel contents as given in Table I

, .

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



. .

- Fig. 8 SenSillVity Of the ARTNDT cmbrittlement index id irradiation temperatura

C
. h Dato not ovaltal:le

f 5 when establishing

i h the fit
|, 3--5

k y

O
|
,

O Modeling-based fit
2'

E
o
O

W.

E

5
Normalization.g

g.

A IA

9

T = Irradiation ternperature (*F)
0

,

400 $00 tiOO 700
: : :

200 300

Fig.9 ANICAUNO fECOVEltY C0fulE!.Afl0N OF SftUCE MACDONALD : f e980*Fg

COMPAftfSON 10 ftECENT Mat.-MEA 143tA.TS. WELO V-86 cu i o.2ss
Ni : 4 40 %

- i,

\ E
* .l Aft t

I

s *
W ri

g a I
g = |_

11_ >
\ O w-0 8 I ''

!
~~

\ '

iAswt~ 5 (7W*fl |9 \
\ | |

E, 8 Iso -

f*iAn
g
\ '" ie

N w O |
"

'( g I l
y x _ ___ _ _ _ _ 4 _ _ _ _ _ _ _ _ !_ .,,A-e
I \ | |

h 100 | |i
g 8*

s , i\ !l l\ l I l

as

sd*%
i<. ,

, , laftA (790*rl

o. ~~ _ _ _ _ _ _ _ _ _ _ _ _ , _ _ _ _ _ _ _ _ , _ <, , , , , , , ,
* &"g

Fie o A80AUNS & MRL AM8EA4. EXPEntsENTS i W48

9
159

___ i

'

x _
0 02 04 Q4 08 10 12 f.4 1.6

2 8Carruentien paremmaar AEP t : _ ._ J Neutron NanasNiev (4 ,g 3
e u io i.s

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



, . . .= - - -- - . - -. .

' agreed well with the - blind" estimates,- strengthening further the"

correlations preferred in the first'two steps of our analysis.

Our empirical look must now turn to post-anneal behaviour. Fig. 10

| illustrates how this has been done, starting with the easier case of 550
'F irradiations. Fig. 11 is added for more clarity. Measurements are

confronted with prediction and good agreement is noticed. We apply the
simple-minded assumption that after anneal, the material will

re-embrittle along the pre-anneal trend curve, re-starting at the,

neutron fluence that would have brought it to the annealed ' property
level. This of course can only be roughly true, in terms of the,

preceding discussion.
,

Furthermore, flux level effects are now important : the anneal recovery
of the BR3 weld for instance is estimated to be /V 50 *F less than if

j- measured under test reactor accelerated conditions, while its

i re-embrittlement under the same accelerated conditions would be
L initially much faster than in BR3 itself, as suggested for instance by
f fig. 12. Although we believe that the two flux rate effects tend to

compensate each other, we have applied the predicted penalty on the
recovery when estimating the BR3 post-anneal weld and plate behaviours.,

'

All examined 550 'F irradiated-anneal-reirradiated (IAR) data (EPRI and
; NRC programs) are reproduced, of ten conservatively, using this simple

correlation method. Unfortunately, the same statement does not apply to
all IAR data generated so far for BR3, as can be seen from fig. 13 fori

weld W-D and, to less an extent, for the plate PT-A. In a licensing-

perspective however, the following comments are valid :

1. The weld does govern, not the plate. This is the reason why we do
not emphasize herein our examination of literature plate data and
why we do display modest concern about the plate embrittlement.

i

2. The available~ plant-related experimental IAR results for- all

I archive welds at neutron fluences representative of the current BR3
core- cycle (end-of-life) do not generally exceed the USNRC

pressurized thermal shock screening criterion for longitudinal
weldsents-/2/, even though they reach it in one. case (W-D). . In a

| 160
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4

|. pessimistic view, this isolated case could be interpreted as
i suggestive of no anneal benefit by end of the considered core

cycle.

t

'3. Across the board nevertheless, it is obvious that the vessel anneal

has stronaly reduced the average expectable RT fr the |
NDT

|
. considered core cycle.

As shown by fig. 14, the BR3 -related-data are -furthermore not'

' inconsistent with literature.-

The current b'alance of all these observations and of previous comments

is.synthetized by. fig. 15 for'the BR3 weld. Construction of this figure'

involves a moderate pile-up of conservatisms . : upper bound neutron

) fluences and weld chemistry, lower bound anneal recovery benefit.
'

I incorporating flux level effect penalty, and so on. A similar

. semi-empirical " construction" has been done for the plate.

i' E "*" i"iAn overall summary of current conclusions regarding RTNDT

the table below.
i
.!

TAELE IV. UPPER BOUND RT AT VESSEL INNER SURFACE FOR AN-
NDT

19 _a
| UPPER BOUND 1987 NEUTRON FLUENCE (> 1 MeV) 0F 5.10 cm

| PLATE WELD

. IF VESSEL HAD NOT
! BEEN ANNEALED 333 'F 410 *F
i
'

ACTUAL IAR
CONDITION 304 'F 330 *F

t,

Figure 16 is self-explanatory with respect to our well-documented'

f position that a 30 ft.-lb absorbed-energy level in the c -input test ~isy
I a wisely conservative requirement 'in terms of the favourable geometric

specificities inherent in the BR3 vessel design : this plant-specific
|- ' upper shelf safety limitation is satisfied. Further verification'is in

progress through dedicated J-R curve assessments using 0.5 T-CT specimen
testing. Interestingly, closier scrutiny of the figure 16 does

highlight again the peculiarity of weld W-D : its upper-shelf anneal

163
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recovery is excellent, by contrast to its RT rec VerY (C mPareNDT
| figures 13 and 16), but its test reactor re-embrittlement is rapid in

both cases. It is known /24/ that upper shelf is determined by only one
defect mechanism at the temperatures of interest while the transition

involves an additional one; this second mechanism is not affected by
annealing in our case. All our data are consistent with the view that

the relative importance of this second mechanism is greater for weld W-D
than for Wl, W2, W3, W-E and for the BR3 weld. Here lies the

fundamental reason why we consider that archive weld W-D displays an
outlier behaviour. A final comment is that test reactor flux rate

(acceleration) effects predicted for post-anneal conditions seem

confirmed by most of the results of fig. 13, but become less and less
evident at increasing neutron fluences, as suggested by fig. 12.

'

Fig.18
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HYPOTHETIZED PRESSURIZED AND OVERC00 LING THERMAL SHOCK ACCIDENTS AT BR3'

Four classes of potential event initiators are generally considered : !
l

1. Primary loop failures, such as piping breaks, pressurizer surge

line break, stuck-open relief valves reclosing when vessel is !

cooling, ...

| 2. Secondary loop failures, i.e. all accidents involving steamline

breaks with or without turbine trips etc. ...

3. Excessive feedwater supply to the steam generator (s) for ex. the
March 1978 Rancho Seco event /2/

4. Steam-generator tube rupture, eventually combined with other

deficiencies.

~0
At BR3, class 3 entails low occurence probabilities (< 10 / year) and
mild thermohydraulic transients. Also, steam-generator integrity

threats - have been shown to be extremely remote /15/. Attention has

consequently concentrated on the first two classes, using event-tree

methods when appropriate, in order to identify the risk-bounding

hypothetized thermohydraulic transient. The current conclusion is that

the worse event to be realistically considered would be a main steamline
abreak (MSLB) of 0.4 ft size with the reactor coolant pumps trippeds\si

; min. af ter the safety injection signal (steamline isolated by upstream
i

|
valve), and at full reactor power, not at hot shutdown. The importance
of assessing . accidental transients on a plant-specific basis could not
be better illustrated.

Among BR3 plant system and operation specificities mitigating the PTS
risk, the following ones deserve mention :

Repressurization is limited by the low saf ety-injection shut-of f*

| head pressure of nf 1000 psi

| Steam-generator feedwater isolation control valve is closed*

automatically or by procedure at no-load conditions (operator
success probability as quantified in /14/, should the automatic
actuation train f ail)

166
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,

V- |

1

*

Significant fraction (tV 40 %) of the total safety injection flow of

3
p 120 m /hr is diverted over the core by a spray basket designed to

.
protect the fuel

*

Metal-stored energy has an important effect in reducing vessel

chilling (dimensioning of internals).
,

'Unfavourable are the pressurizer, surge-line and vessel geometrical

features in case of SBLOCA. For break sizes in excess of 1.5", rapid

and important voidage (up to 65 %) may occur, resulting in loop flow

stagnation and potentially poor mixing conditions. However, the break

size above which there is no more re-pressurization is small, 0.5"..and'

the associated voidage fraction less than 1 % : natural circulation

insures good mixing.

f For~this case, which still involves maximum re-pressurization, even a
' very conservative extrapolation of the thermohydraulics calculations

does not lead to unacceptable vessel failure risk (fig. 18), for two;

! reasons :
I Warmprestressing (WPS) /20/ is effective in prohibiting crack

*

j initiation
*

Even if WPS was not credited for, and although crack arrest is not

; effective here, an utterly unlikely flaw (> 1/4 T) /4/ would be
f required to result in' crack initiation.-

I

! The base fracture mechanics analysis, such as the one on fig. 18, is

carried out by means of the OCA-1 code /33/, adapted for the BR3
.

| conditions. The code considers only surf ace flaws infinitely long, and

j of depth a_ variable from zero to the vessel thickness, w, ; the

corresponding LEFM stress-intensity factor is labelled here K The.;

!
bottom part of fig. 18 is the time-dependent locus of fractional-wall

penetration values (a/w) for which - K =K UnMatW or = K ,t; g yc g

(arrest).2

i Fig. 19 is intended at carrying two ideas :

1. A BR3 weld IAR condition as estimated here would remove any threat

| from the potential PTS accident. tentatively assessed so far as

! plant-bounding
i
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.2. Under the ~same materials and transient assumptions, an ASME-III

designed vessel would ' not be fracture-safe to the same obvious

degree.

|_ It is extremely rewarding to examine what happens at the most critical
~

time in the transient, i.e.~at t = t for which (a/w) is minimum. -For

the sake of this paper, we will illustrate such evaluation in the case
-

of one of-the worse MSLB transients (MSLB 5 on fig. 17).
'

- This transient is used as example here because it has also been analysed
by means of the , OCA-P code /34/. The deterministic' part - of the

calculation is in agreement with the runs at MOL, as should be expected;
the probablilistic fracture-mechanics -part has given the following

: results':
t

f Crack initiation probability : 2.10~ /Y
-4

Vessel failure probability : 9.10 77

These are conditional probabilities (i.e. assuming that the transient

f happens) based on flaw probabilities taken from the MARSHALL report
/35/. The interesting points are :'

-2
| 1. Generic conditional failure probability : 5.10 77

j 2. About 80 % of flaws that initiate do arrest.

'

It appears thus that the deterministic results on fig. 19 may be unduly ,

conservative - at least if credit is to be taken for crack arrest.

i The physical reason under the argument is the small fuel core-height of

.

1 meter (fig. 1), resulting in vertical exposure and fracture toughness
4

gradients worth accounting for. This in-turn entails crack tip' driving

forces well below K ,g36/, as shown on the right-hand side of fig.20.g

j Even considering very pessimistically weld residual-stresses uniformly
.

j distributed and'as large as 7.5 Ksi /37/, radial crack arrest will occur

{ before 1/2 T and below upper shelf toughness levels. The remaining
,

| ligament.is sufficient to prevent failure.-

4

'

Another benefitial consequence of fig._ 20 (vertical K curve) is that
7

the BR3 effective weld length of concern is less than 2 meter (volume <,

88000 cm ); therefore, the probability of fabrication defects is much

; -169
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less than for a generic plant beltline. This has been our rationale for

j discarding the possibility of flaws exceeding 1/4 T (28 mm) /4/. It is

| believed that undetected subclad surface flaws deeper than 6 mm are
unlikely'in this weld at fabrication and by commissioning time. It must

be noted that an enhanced pre-service . hydrotest has been successfully
performed at 3750, nei (1.5 design pressure) and 86 *F. Also fatigue

crack-growth for BR3 materials at beltline has been estimated to be

negligibly small.
!

CONCLUSIONS

* Although the BR3 vessel anneal effectiveness cannot yet be
ascertained beyond questioning (until actions in progress are

' completed), it clearly has enhanced the overall plant safety to an !

appreciable degree for the next few years.

* Without anneal, it is most likely that the BR3 vessel integrity
i

would not have been jeopardized by 1987.
,

* The BR3 vessel wet-anneal must be seen as a plant-specific
experience. In particular, such approach would obviously be-

,

rewardless for commercial PWRs.

*
Regulatory requirements to-day must be understood in context i they
are adequate for most plants, albeit ~ unacceptably too severe for
others, if interpreted as rigid operational barriers. We trust

that such is not the Intention of the Regulators.
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i INVESTIGATION OF THE DUCTILE FRACTURE PROPERTIES OF TYPE 304

|.
STAINLESS STEEL PLATE, WELDS, AND 4-INCH PIPE

I

I by

I. .

M.G. Vassilaros
R.A. Hays-

J.P. Cudas .

a

j David Taylor Naval Snip R&D Center
_Bethesda, MD 20084'

i

INTRODUCTION

!
{ The David Taylor Naval Ship R&D Center has perfomed two tasks for i

! the Nuclear Regulatory Commission concerning the safety of stainless
steel (SS) pipes. The first task dealt with the J-integral fracture-

| toughness of 2-inch thick welded 304 stainless steel plate. The second
I was the J-integral testing of 4-inch diameter, . schedule 80 welded 304 SS

pipe that contained circumferential through wall flaws, with and without
additional radial flaws. The summary of these two tasks will be presented v

| including the comparison of the maximum loads experienced by the 304 SS
pipes and the loads predicted by IWB-3640 for 304 SS pipes.,

1

WELDED 2-INCH PLATE J-INTEGRAL RESISTANCE CURVE TESTS

A 2-inch thick plate of 304 SS was welded by Babcock and Wilcox for
use in a weld evaluation task. The weld geometry, welding parameters,
and specimen tests on IT and 2T modified compact specimens of base plate,.
weld metal, and fusion line. Tests were performed at room temperature
(RT), 300*F (149C), and 550'F (288C). The tensile mechanical properties
of the weld metal and base plate are given in Table 1. The results of J-
integral tests performed on IT compact specimens are shown in Figure 2.
The figure shows the reduction in the J-R curve resulting from the 550*F
(149C) test temperature. Additionally, the figure shows that_ this
reduction in toughness has produced a better correlation between the
crack length measurements from the elastic unloading compliance method
(reference 1), the open symbols, and the final measured crack length,

! filled symbols. Figure 3 presents the results of the J-integral test
perfomed on a 2T compact specimen at 550'F (288C) compared .to the 1T

,

' results. Although the 2T specimen appears to have a higher J-R curve,
the curve had a significant underprediction of the final measured crack
length which was 0.275 inch and therefore off scale on Figure 3. Had the
J-R curve been extended to the correct final crack length the curve would

,
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have been lower and agreed well with the IT specimen data.
,

I

. - The J-R curves for the IT compact specimens machined from the 304 SS,

weld :netal are shown in Figure 4. These results clearly show the same!

; -trends as with the. base metal results, that -is, an increase in test
. temperature produces-a decrease in the measured J-R curves. The final
measured crack lengths were underestimated by compliance from 9 to 22%

; which would suggest that all of the curves should be lower. However, the
?' relative position of the curves would not change. Figure 5 presents the

J-R curves of the 2T weld metal compact specimens tested at 550*F (228C),

j cc pared to the IT specimen results. The figure indicates an apparent
increase in the J-R curve behavior of the 2T specimens. This anomaly wasi

the result of machined notch placement which resulted in composite specimens
which were approximately 50% weld metal and 50% base plate. Therefore,
these 2T specimen J-R curves should be higher than the weld metal curves,

and less than the base metal curves. The fusion line fracture toughnessr

, of the 304 SS weld was evaluated with a 1T compact specimen machined at an
| angle to the weldment surface so as to have the precrack in the plane of
! the fusion line. -- This specimen was' tested at 550*F (228C) and the

resultant J-R curve is shown in Figure 6 along with representative J-R-

| curves of the weld metal and the base plate. Although the fusion line J-
R curve underestimated the final measured crack length (0.270-inch), thei

curve still would reflect a mixture of the base metal and weld metal
toughness. Table 2 has a sumary of all the J-integral toughness tests along
with the calculated J c values and the range of the data used in the:

linear fit line to ca'lculate J c. Also listed in Table 2 are the tearingI,

modulus values calculated using a least squares linear regressive fit of
all the data within the ASTM E813 exclusion limits.

4

!

! 4-IkCH PIPE J-INTEGRAL RESISTANCE CURVE TESTS
j AND LIMIT LOAD ANALYSES
1

The second task is concerned with the fracture toughness and ultimate,

. strength of 4-inch of ameter, schedule 80 welded 304 SS ~ pipe at 550*F
!

(288C). The pipe specimens used in this study were supplied by Battelle
Pacific Northwest Laboratory (PNL) in two foms, specifically, as welded!

t and welded with a part through radial crack. Both types of pipe were
| welded with the parameters and geometry shown in Figure 7. The two types

of pipe were machined to produce through wall circumferential cracks as
shown in Figure 8. The pipe specimens were fatigue precracked and then
tested in four point bend as previously described by Vassilaros, et al
(reference 2).

The results of the first pipe test are shown in Figure 9 which is a
load versus load point displacement record for a welded pipe with a simple
crack as illustrated in Figure 8. Also shown in Figure 9 is the predicted
maximum load using the equetions in Figure 10, the measured initial crack
length, and the flow stress obtained from IWB-3640 for 304 SS pipe. As
can be seen, the loads on the pipe 'never reached the predicted maximum
load. Figure 11 is the J-R turve produced from the elastic unloading
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I compliance test on pipe number 1. This curve has an indicated J-initiation
of approximately 5000 in-lb/sq.in. The large underestimation of the

i final crack length is apparent and may have resulted from the large
plastic deformation and ovalization of the pipe produced during the test.
Figure 12 has the load versus load point displacement record for the
second pipe test with a simple crack. This specimen had a longer initialt

crack length and therefore a lower maximum load. Here again the pipe
!- never reached the predicted maximum load using IWB-3640 flow stress.
! Figure 13 has two J-R curves produced from the test of pipe number 2.

One curve was the result of the elastic unloading compliance technique'

;

which again underpredicted the final crack extension. This curve appears,

to have a J-initiation level of about 7500 in-lb/sq.in. The second J-R
: curve was from the direct current potential drop (DCPD) technique which
! fits the J-R curve to the initial and final measured crack length. The J-
| initiation level from this curve was approximately 3000 in-lb/sq.in. The
i large difference between the J-initiation levels of these two curves is i

; believed to be a function of the ovalization occurring during the pipe
test. This ovalization increases the height of the pipe and decreases i

; the width which effectively produces a stiffer pipe. This increase in
pipe stiffness cancels the decrease in pipe stiffness due to crack ,

extension. This condition conceals the crack initiation point from the
! elastic unloading compliance technique but not from the DCPD technique
j which is not affected by such geometry changes.
, ,

! The results of the test performed on a pipe with a complex crack is
shown in Figure 14. The load versus load point displacement record of

j this pipe appears to agree well with the predicted maximum load. However,
| this specimen had an initial fatigue crack which was at a shallow angle

to the pipe wall. This angle gave a difference in.inside and outside,_

total crack length (20 in Figure 10) of approximately 80 degrees. The
initial measured crack length was therefore assumed to be the average of;

,.

I the inner and outer crack length. Figure 15 has the two J-R curves '
'

produced from pipe test number 4. In this case, the DCPD and unloading
ccmpliance test results appear to be in good agreement. This may have
resulted from the fact that this pipe test had loads that were low enough
to inhibit any significant plastic deformation and ovalization of the
pipe section near the crack. This figure indicates that the J-initiation
level was lowered to about 1500 in-lbs/sq.in. with a relatively low
tearing modulus resulting from the low slope of the resistance curve.
Figures 16 and 17 are the sunmary J-R resistance curves for the three
tests with the elastic unloading compliance curves on Figure 16 and the
DCPD curves nn Figure 17. Both of these sets of curves indicate that the
J-integral fracture toughness of the 304 SS pipes is reduced due to the
presence of a radial part through crack in addition to the through wall
circumferential crack. _In addition to the fracture toughness evaluation
an analysis was performed to determine the applicability of using limit -

-load concepts to predict the maximum load displayed in the pipe test. A '

sumary of this analysis is listed in Table 3 which has the measured-
maximum load and the predicted maximum load. Maximum load in the two

! pipe tests with simple cracks fell short of the predicted maximum load by
| 11% and 30%. The specimen with a complex crack had measured maximum
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loads which were 2.8% to 16% greater than the calculated loads. This set
! ' of results may have been the result of error in the estimation of the

initial fatigue crack in the complex crack pipe test.i

CONCLUSIONS

The tasks described above to investigate the toughness characteristics
of 304 stainless steel welds have resulted in the following conclusions:

1. The J-integral fracture toughness of 304 stainless steel plate
is reduced when exposed to elevated temperatures of 300*F and 550*F.

2. The J-integral toughness of 304 stainless steel hot wire automatic
gas tungsten arc welds is lower than the toughness of the base metal at
all test temperatures RT, 300*F, 550'F.

3. The J-integral fracture toughness of gas tungsten arc (GTA)
welded 4-inch 304 stainless steel pipe tested with a circumferential1y
growing through wall flaw is lowered with the presence of a part through
radially growing crack.

4. Maximum load prediction of GTA welded 304 SS pipe using limit
. load analysis and the flow stress from IWB-3640 for 304 SS pipe were
! unconservative for through wall flaws growing circumferential1y.
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304 STAINLESS STEEL PLATE WELDMENT
e PREPARATION: 2 INCH THICK DOUBLE VEE BUTT
WELDMENT

e PROCESS: HOT-WIRE AUTOMATIC GAS TUNGSTEN
ARC WELD (HWAGTA)

j e FILLER METAL: SFA-6.9, ER 308L
|

4 HEAT INPUT: 21.7 KJ/IN. i

/
Y / I

/- / /

ze 1,..

_L
I--. 0 , . -;

Figure 1 - Weld Parameters and Geometry for Type 304 Stainless steel Plate
Weld

MECHANICAL PROPERTIES OF STAINLESS
STEEL BASE METAL AND WELD

i
'

TEMP Y.S. U.T.S. % ELONG.
' 'A'('F) (KSil (KSil (2 IN.)
|

| RT 38.8 89.0 OS 77
l
'

8ASE METAL 300 27.0 71.8 54 77

TYPE 24 20 22.0 m.9 90 72

STAINLESS,

STEEL RT 57.4 W.7 38 85

300 51.6 08.1 29 50

ges e.0 e5.8 25 55

Table 1 - Tensile Mechanical Properties of Type 304 Stainless steel Base
Plate and Weld
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Figure 2 - J-R Curves for IT Compact Specimens of Type 304 Stainless steel
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304 STAINLESS STEEL FRACTURE PROPERTIES

TEST |

yr Je ) 9ste
AA""*'7* 7.=g

'-

GAM-1 17 RT - -

SAM 4 1T 3Re - -

BASE SAM 2 IT me 4No 0.008 352
| METAL GAM 4 1T sue 4435 0.087 3ss
|
; GAM 4 2r see seen 0.102 410

i
|

| GAM-te 17 RT M4 0.05e 2ge
|

GAM. 1T me == 0M m
.WtLD SAas 21 1T sus ese e.est 1st

AstTAL eAns-at ti sus - -

i ears 43 27 eBe 128F e.est 353

eAM.as 2r sus 2144 0.eus 437

N eAM-as 1T sus ame 0.778 23eg

Table 2 - Summary of J-Integral Toughness Tests on Type 304 stainless steel
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PIPE WELD CONFIGURATION

WELD PROCESS: AUTOMATIC GAS-TUNGSTEN ARC
FILLER METAL: TYPE 300L STAINLESS STEEL

HEAT INPUT: 30 kJ/in.

Figure 7 - Weld Parameters and Geometry for 4 in. Diameter Type 304 Stainless
Steel Pipe Specimens
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Figure 8 - Schematic of Crack Geometries fcr 4 in. Diameter Type 304 Stainless
Steel Pipe Specimens
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304 STAINLESS STEEL PIPE
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Figure 9 - Load vs. Displacement Record for Pipe Test 1
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Figure 10 - Limit Load Expression for Pipe Geometry i
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T = 150*F. oo = 85.4 KSI, RueAN = 2.00 t = 0.33 SPAN = 15

SPEC. ID 2e A PMAx Pum T % DIFF

(DEG) (IN.) (ib) (lld En

GAM-100 100 - 17300 22500 - 30

GAM 30 130 13700 15200 - 11-

| GAMM INO CLOSURE) 151 0.15 9000 7000 16

(CLOSURE) 9130 La

|

! Table 3 - Comparison of Measured Maximum Load and Maximum Load Predicted

| by Limit Load Analysis for Pipe Tests
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- BWR' Pipe Crack and Weld Clad Overlay Studies *-

by

W.-J. Shack, T. F. Kassner, P. S. Maiya,
,

J. Y. Park and W. E. Ruther'

i .

.
~

Materials Science and Technology Division
. ARGONNE NATIONAL LABORATORY

| Argonne, Illinois 60439
i-

!, . i

Leaks and cracks in the-heat-affected zones of weldments-in austenitic
j stainless. steel piping in boiling water reactors.(BWRs) due to intergranular

_

i stress corrosion cracking (IGSCC) have been observed since the mid-1960s. -Since
that time, cracking has continued to occur, and indications have been found.in
all parts' of the recirculation system, including the largest- diameter lines.

''

I Proposed solutions for,the problem include procedures that produce a more
j favorable residual stress state on the inner surface, materials that are more

! resistant to stress corrosion cracking (SCC), and changes in the reactor
environment that decrease the susceptibility to cracking._ In addition to the
evaluation of these remedies, it is also important to gain a better under-

; standing of the weld overlay procedure, which is the most widely used.short-term
repair for flawed piping,

j TECHNICAL PROGRESS ,

!

The main areas of effort during the past year have been (1) studies of the*

I effects of impurities, dissolved oxygen content, and strain rate on
~

susceptibility to SCC in " Nuclear, Grade" Type 316NG and sensitized Type 304
stainless steel, (2) finite-element analyses and experimental measurement of
residual stresses in veldsents with weld overlays, and (3) analysis of field
con.ponents to assess effectiveness of in-service inspection te'chniques and the
in-reactor performance of weld overlay repairs. Work ~at ANL on acoustic leak
detection and condestructive evaluatign is reported elsewhere in.these
Proceedings by D. S. Kupperman et al.

Effects of Impurities and Dissolved Oxvgen on the ICSCC Susceptibility of ~
,

Sensitized Stainless. Steels
,

|.
. .

' '

In addition to dissolved oxygen produced'by radiolytic' decomposition
of the water and' corrosion products..other impurity species can enter the
coolant through a number.of_ sources.(condensate and reactor-water cleanup

~

;- demineralizers, the condensate storage tank, the' suppression pool and reactor
,

|. heat removal system,'etc.).. Demineralizer systems on BWRs remove contaminants,
! introduced by condenser in-leakage and unanticipated upsets in water chemistry. .~

However, demineralizer resins are also a source of contanination owing to thet

| leakage of ion-exchange resin fragments to the system during normal operation-
and to the release of ions to the coolant after regeneration of the-resins.. t-

The..high temperature and neutron flux in 'the reactor core cause rapid
" decomposition of. resin fragments that enter-the' recirculation water. A number.
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ofaninspec{escanbeintrod,ucedbyresiningressanddegomposition_(e.gp2
SO ., NH -NH4 . , NO2 , and NO3 , as weR as h ion exchange (e.g., C1 , C0

4 3 3* I

.and'PO .
,

The . relative effect of these anions, in conjunction with hydrogen and
sodium cations (i.e. , under slightly acidic or basic conditions, respectively),

~ on the -SCC susceptibility of lightly sensitized Type 304 SS has been evaluated,

in constant-extension-rate.(CERT) tests. Anion concentrations in these tests
were set at 0.1 ppm. However, the actual concentration of the species will

.

depend on dissociation equilibria at high temperature. These concentrations. ;

gave conductivity values of <1 pS/cm. The effect.of the different anions with
, ,

sodium on the time to failure is shown in Fig. 1. Ductile plus transgranular
failures occurred in high-purity water and in water containing nitrate and
borate; only a small decrease in the time to. failure resulted from the addition-;

. of these ions. The other anions were more deleterious. The effects of
carbonate and chloride were virtually identical. Phosphate and silicate'

produced a somewhat greater degree of ICSCC. The sulfur species (viz., sulfate,
sulfite, thiosulfate, and sulfide) were the most deleterious.

Added as acids, silicate, borate, nitrate, and phosphate produced the
smallest change in CERT parameters; carbonate and chloride were somewhat more
deleterious and the sulfur species caused the highest degree of IGSCC. The,

i time-to-failure results shown in Fig. 2 are consistent with those obtained for
j other CERT parameters.

.

Comparison of the results for the dilute acids with those for the sodium
I salts indicates that nitrate, borate, carbonate, and chloride are somewhat more

deleterious when added in acid form; however, there is essentially no difference
for the sulfur species.

i
'

Since the various anion species differ considerably in their effect on
; IGSCC susceptibility, it is unlikely that susceptibility to cracking can be

correlated with conductivity and pH without a knowledge of the specific iuns
present. The standard instrumentation for routine analyses of reactor coolant
is, in general, not adequate to detect the sulfur species that are particularly;

| deleterious from the standpoint of IGSCC even though sulfate is likely to be
;. present in BWR water at low concentrations (<0.~1 ppm) from normal resin leakage

_

and from resin regeneration and replacement operations.

,
Although CERT tests are very useful for studying the effects of-impurities

i on SCC susceptibility.-the severe mechanical loading produced during the tests.
makes-it. difficult to use the results quantitatively. Therefore, fracture-:

mechanics crack-growth-rate type tests are being performed to supplement the
CERT tests. Because of-the long times required for these-tests, only a limited-

| range of conditions can be considered.
,

Baseline tests were performed in high-purity water with 8 ppa dissolved
,

I oxygen at 289'C. Three ITCT specimens were stressed at a load ratio of 0.95 andg'

an initial maximum stress intensity K~ of 28 MPa a under a positive sawtooth
| waveform. .Asexpected,themostheavIIIsensitizedmaterialhadthehighest

crack growth rate. .The crack growth rate increased by ab,magnitudeasthe.cyclicfrequencywasincreased'from410gutanorferofto %10 - Hz. For,

| this heat of material ~and these test conditions, crack growth rates appear to be
i

191
'

i

- - - , , - . , ~ - , . - - , , , - ,- ~.



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

.

I-

sensitive to small superposed cyclic loading, although the measured crack growth -)
~

rates are within.the scatter band btained for a number of heats of material !
under constant loading conditions

'

.

|.
Af ter baseline. tests were completed, .the effect of dissolved oxygen I.

|concentration was evaluated. The dissolved oxygen level was maintained at ..
I40.2 ppm for 41000 h.. decreased to 0.02 ppm for 4600 h, and then increased back

- to 0.2 ppa. The crack length-as a function of time is shown in Fig. 3.. Crack
' growth virtually ceased over the 4600-h time interval at the. low dissolved

j oxygen concentration. It resumed at approximately the initial rates after the
,

; dissolved oxygen concentration was increased to the 0.2 ppm value.
.

j The crack gr wth rate for the more heavily sensitized material
2. (EPR =.20 C/cm.) in water with 0.2 ppm dissolved oxygen is approximately

_

, half of that obtained.in-water with 8 ppa dissolved oxygen, as expected.
} Surprisingly 2)he crack growth rate of the lightly sensitized material

t

(EPR = 2 C/cm is approximately an order of magnitude higher at the lower
dissolved oxygen concentrations. Measurable crack growth rates were also
observed in the solution-annealed ~ specimen. It appears that once a sharp

i crack (or tight crevice) is introduced (by fatigue precracking in this
instance), propagation can occur under conditions' that would not normally be,

considered to lead to environmentally-assisted cracking.

Fractographic examination of the specimens showed that the crack mode was.

primarily intergranular in the sensitized specimens and-transgranular in the
| solution-annealed specimen. However, the decrease in crack-growth rate in the.

solution-annealed specimen when the oxygen was decreased indicates that even the
transgranular growth is strongly influenced by the environment.<

A similar crack growth experiment was performed to investigate the effect
~

.

of an impurity, 0.1 ppm sulfate (as H SO ), on the crack growth rate. After-,

2 446000 h of testing, the sulfate level in the feedwater was reduced to a very low1

;- level for a period of %1200 h. After this time interval, the sulfate level was
! again increased to 0.1 ppa.

i The crack lengths as a function of time for this portion of the' test are
shown in Fig.2). Stress intensity values for the lightly sensitized specimen

4

(EPR = 2 C/cm at different times are noted on the figure. Removal of the

|. sulfate had virtually no effect on cragk-growth in the solution-annealed and the
~

j more heavily sensitized (EPR =.20 C/cm ) specimens. The crack growth rate of
the lightly sensitized specimen decreased by a factor-of 44 over an %600-h
period after sulfate was removed from the feedwater; however, the rate in'
high-purity water increased over the.next 600'h to the initial value observe'd in

the water with 0.1 ppa sulfate. A further increase.in the crack growth rate
occurred at %7300 h when sulfate was again'added to'the fcedwater.. Roughly half
of this increase in crack growth rate can be attributed to the increase in
stress intensity _ factor due to the growth of the crack. If we assume'that the

- initial decrease in the crack growth rate was due to a change in crack tip
chemistry associated with the removal of sulfate from the bulk water, it is
possible that sulfate or other sulfur species slowly desorbed from the oxide

~

; films, migrated to the. crack tip zone, and subsequently accelerated the crack
growth process.
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The effects of the dissolved oxygen and the. sulfate additions observed in
the fracture-mechanics crack-growth-rate. tests are qualitatively consistent with
the crackj material.4 growth information obtained from CERT tests on the same heat ofHowever, reduction of the dissolved oxygen to very low levels causes' j

'a much large5 relative reduction in crack growth rates in the fracture-mechanics
crack-growth-rate tests than'in the corresponding CERT tests.4

,

Effects'of Impurities on the SCC Susceptibility of Type 316NG Stainless Steel

Our previous work has shown that Type 316NG stainless steel can crack

sulfate,added.asacidg.gatedwater(0.2 ppm 0)withimpurities(0.l'ppmAddjtiogalworkhasshown'thatinCERTtestsinthe
transgranularly in oxyge

2

strain-rate regime ~10 to.10 s. . cracking occurs only when impurities are
present'. . Since an environment'containing 0.1. ppm sulfate (added as acid)
represents the maximum impurity level currently permitted under normal operating

i conditions, it'is essential to.know whether transgranular cracking in Type 316NG
stainless steel can occur at lower levels of impurities. Test results for.

various sulfate impurity concentrations'(<0.1 ppm) and strain rates are

summarized _gnTgble1togetherwithpreviouslyreporteddata. At_a strain rate4

! =-1 x 10 s , cracking occurs only when the sulfate level is >0.075 ppm,
'

which suggests that the critical impurity concentration for transgranular
cracking at this e,yra g rate is NO.1 ppm sulfate.- When the strain rate is

i lowered to.2 x 10 s , cracking occurs at even lower. sulfate concentrations

] (0.05 ppm). However, the average crack growth rate & decreases by a factor of
i %3 compared to that determined in an environment with*6.1 ppm sulfate.

,
.

These results suggest that the. critical-level of impurity concentration
i need to produce transgranular cracking decreases with a decrease in strain rate.

Incongnetiongitgthecompleteabsence-ofTGSCCinhigh-puritywaterat'
& = 10 to 10 s , they confirm that transgranular cracking in Type 316NG
stainless steel is directly related to the impurity level and suggest that-
significant benefits can be achieved by close control of the coolant chemistry..,

Effect of Strain Rate on SCC Susceptibility>

,

4

A phenomenological model for SCC susceptibility th
of the applied strain rate 's on SCC has been ' developed.gt describe's.~ the' ef fects

. The model gives simple;
'

. power-law correlations between & and parameters such as & and time to failure

andisbasedonanestimateofthecrack-tipstrainobta}$ed.byuseofa:
) J-integral approach, the slip-dissolution model of Ford, and a'J-integral.

fracture criterion. 'The correlations between the SCC-susceptibility parameters,

! and the strain rate are of the form

|. e .= (J /AC) ! .L (1) l!'
g c ,

a = A(J /AC & (2),g e
:

t =-(J /AC) l' , and (3)g e

. 4,y = A(AC/J ) 'i IO);*c
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where e , a , and t are the strain, crack length, and time at failure; a is
f f fthe average crack growth rate; and A, J , and C are constants which depen 8yon

Cthe material and environment.
i

Good agreement is obtained between the results of the analysis and CERT 1

results over a fairly wide range of strain rates, as shown.in Figs. 5 and 6.

Analysis of Field Components with Weld Overlays>

Laboratory ultrasonic examination, dye penetrant examination, residual
stress measurements, metallographic examination, and sensitization measurements
were performed on two 12-in.-diameter Type 304 stainless steel pipe-to-elbow
weldments_(Weld Nos. 2B31-lRC-12BR-C2 and -C3) removed from the primary coolant
recirculation piping of the Hatch-2 boiling water reactor (BWR). Overlays were
applied to these weldments after ultrasonic in-service inspection (ISI) had
indicated cracking. After about one additional year of service, the
recirculation piping in Hatch-2 was replaced and the weldments.were removed for
examination. The weldments were electrochemically polished by Quadrex Inc. to
remove corrosion film and reduce radiation levels.,

During the original ultrasonic ISI, intermittent indications around the
entire circumference on the pipe side were reported for both weldments. The
crack depths were estimated to be 28% throughwall for Weld No. 2B31-lRC-12BR-C2
and 30% for Weld No. -C3. However, little correlation was observed between the
ISI results and the results of the dye penetrant tests and destructive
examinations at ANL. Twenty short penetrant testing (PT) indications were
observed on weldment C2 (fif teen on the elbow side and five on the pipe side).
The indications were of a variety of types (axial, circumferential, skewed, or

j point), and most of them were located within 8 mm of the weld fusion lines
(WFLs). There were no undercuts at the WFLs that produced PT indications in'

either weldment. No PT indications were observed on weldment C3. Even after
sections from weldment C3 were subjected to three-point bending in order to open;

tight cracks that might be present, PT again indicated no cracks.'

I

! Before descructive examination, blind and partially blind ultrasonic tests
'

(UTs) were carried out. Comparison of the UT results with the results of the PT
and the metallographic sectioning indicates that the detection of cracks through
the overlay by UT is difficult and at present unreliable.

The weldments were sectioned at a number of selected locations. The
cross sections were metallographically polished and examined for cracks,
defects, or any other features that might produce UT or PT indications. There
was no evidence anywhere on the entire inner surface of the weldments that the
counterbore was the cause of the cracking, although some details of the features
on the inner surface may have been removed by electrochemical polishing at
Quadrex.

The sectioning showed that the circumferential PT indications and the point
PT indication were associated with short (<20 mm) circumferential intergranular
1 cracks, and that the axial PT indication was associated with an axial
intergranular crack. The depths of the circumferential cracks were 2-13 mm.

194

4

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



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

.

;.

f

i. s

HThe. crack profile of the?l3-am-deep (57% throughwall including-the overlay)|

! axial crack?is shown,in Fig. 7. LIn the interior _of the pipe wall, the crack-
extended about'17 mm from the WFL, which is much further than suggested by_the i

PT indication (1.5 mm.long) at the inner surface of the weldment.. The profile i
ilis somewhat unusual in shape. The crack tip was blunted, as shown in Fig. 8.

' Blunting of crack tips by weld overlays is-predicted by finite-element
' analyses and would be expected to inhibit further crack growth. There.4

was'no evidence of tearing or extension-of the crack beyond the blunted'

; -ragion._ Metallographic sections were also obtained at a number of positions
that-produced strong UT signals but.showed no PT indications. No cracks or
discernible metallographic features (weld defects, inclusions, etc.) or

, '

gsometrical irregularities were observed.'

.

Experimental Measurement of-Residual Stresses Produced by Weld Overlays

_

Measurements of surface and throughwall_ residual stresses have been made onf

three mock-up weldments_ supplied by' Georgia Power and NUTECH for analysis. The
waldments were fabricated 12-in. Schedule 100 pipe. One side of each weldmenti

had a.long, smooth weld prep geometry typical of that used in the Hatch-1-
~

rsactor, while the other side of each weldment had a short weld prep geometry
typical of that used in the; Hatch-2-reactor. Weld overlays were. applied to two
of the mock-up weldments af ter _the weldments were fabricated by conventional
butt welding. procedures. The third weldment was fabricated by4

Last-Pass-Heat-Sink-Welding (LPHSW).
;

. i

j The two overlays are similar to those actually applied to the recirculation ,

piping in the Hatch-2 reactor and were prepared with identical procedures, but'

they are slightly different in size. One (the "minioverlay")'is N100 ma'long

! and N5 mm thick. The other (the " standard" overlay) is 4125 mm long and 45 mm
i thick.

As shown in Figs. 9 and 10, both the overlay procedures and LPHSW were
very successful in inducing compressive' residual stresses-on the inner surfaces,

; of the weldments for both weld prep geometries. The measured results are in
; general agreement with finite-element predictions supplied by NUTECH and
| E. F. Rybicki, Inc.

!
i The residual stresses for the LPHSW mock-up are similar to those for the ;

minioverlay and the standard overlay, at least for the region near-the weld. On '

the basis of this set of-veldments, differences in the stresses produced by the ,

| ;different procedures are~small and appear to be within the range of variations ,

! that might be expected.from weld to veld with a' single procedure. The overlay
|- procedures probably produce larger plastic strains and deformations, but since

the stress is a relatively weak function of. strain during plastic deformation,-
the corresponding stresses produced by the different procedures do not differ.
too greatly,

i
In Figs. ll-13, the throughwall axial residual stresses 42 mm from the WFLs-

are shown for the.LPHSW weldsent and the-overlays. ,The depth shown in-the
figures is.nondimensionalized with respect to the total thickness,'i.e., wall
plus overlay. As expected, the. stresses are strongly compressive on the inner
portion of the wall and tensile'on.the outer portion. These distributions
should not be interpreted to indicate that the overlay will be effective for.

r
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cracks roughly halfway 8through the wall and ineffective for deeper cracks, since
finite-element results show that the presence of a crack strongly perturbs the

- stresses produced by the overlay process. Although these results do confirm the
analytical predictions of strongly compressive stress fields produced on the
inner surface by the overlay, other types of tests are needed to verify the j
predicted stress fields at crack tips.

FUTURE WORK

Work to assess the effect of impurities on SCC in both conventional BWR
environments and the low-oxygen environment characteristic of BWRs with hydrogen
additions will continue. The emphasis will be on the effect of low levels of
impurities well within current water chemistry guidelines. The effects of
impurities on crack growth rates in Type 308 weld metal will be examined. The
effect of chemistry transients will also be-examined further with fracture-
mechanics crack-growth-rate tests. Low-stress cyclic pipe tests will be carried
out to assess the effect of impurities under more prototypic loading conditions.
The effectiveness of low oxygen levels in inhibiting SCC in irradiated materials
will be examined. Long-term aging studies on Types 316NG and 304 stainless
steel will also continue.

;
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Table 1. CERTTestResultsforType316NGSS(geatP91576,1050*C/0.5h+650*C/24h)in
Oxygenated Water (0.2 ppa 0 ) with SO Impurity. T = 289'C, c, = 1.0%, and2 4a,= 1 pm.

0 #
Test 4 '- Conductivity, *f' aax' . Failure "av'

,,

Number a ppm .pS/cm h MPa Mode m/s

-5
.157 1 x 10 0.1 0.9 9.7 430 Ductile' -

6
159. .2 x 10 0.1 0.9 53.5 453 Ductile -

,

-6
186- 1 x 10 0.0 %.1 -100.3 457- Ductile- ' -

-6
: ,206 1 x 10 0.01 0.13 100.6 447 -Ductile -

-6
202 1 x'10 0.05 0.47 123.0 .450 Ductile -

-6
214 1 x 10 .0.075 0.72 107.6 438 Ductile *-

~0' ~9
160 -1 x 10 O.10 0.9 100.6 450 TGSCC 1.51 x 10

8 -6 ~9
154 1 x 10 0.10 0.9 109.4 458 .TGSCC 1.50 x 10

-7 -10
k- .169 4 x 10 0.10 0.9 217.4 462 TGSCC 9.74 x.10

,

~7-
i ~ 207' 2 x 10 0.01 ' O.13 497.3 468- Ductile -

-10~7
s199 2 x 10 0.05 0.47. 588.7 449 TGSCC 2.21 x 10

-10~

172 2 x 10 0.10 0.90 474.0 461 TGSCC 7.35 x 10

-8 -10
.148 9.5 x 10 0.1 0.9 565.9 472 TGSCC 6.73 x 10

i-

*;

f *8' ppa 0 *
2

t

,-



CERT EXPERIMENTS ON TYPE 304 SS
IN 289'O WATER WITH DIFFERENT

ANIONS AT A CONCENTRATION OF 0.1 PPM

2
160- EPR = 2 C/cm

0 :0.2 ppm2

14 0 - i = 1 x 10- 8 s-1

g 120-
K
3 100-
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k I80-
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Fig. 1. Effect of Various Sodium Salts at an Anion Concentration
of 0.1 ppm in Water Containing 0.2 ppm Dissolved Oxygen
on the Time to Failure of Lightly Sensitized Type 304 SS
Specimens
of1x10gnC}RTExperimentsat289'CandaStrainRates
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CERT EXPERIMENTS ON TYPE 304 SS
IN 289*C WATER WITH DIFFERENT

ANIONS AT A CONCENTRATION OF 0.1 PPM

160- E P R = 2 C / c m'

0 = 0.2 p p m

14 0 - 4=1x16's''
S
g 120-
K . .

3 100-

f!!, ce a
f$O - -

' '
os ,

' ' '

0

1

Fig. 2. Influence of Various Acids at an Anion Concentration of
0.1 ppm, in Water Containing 0.2 ppm Dissolved Oxygen,
on the Time to Failure of Lightly Sensitized Type 304

SSSpecimensinCER{Experimentsat289'CandaStrain
Rate of 1 x 10-6 s~. Two tests were run with H SO '2 4

200

. . .- .



- . _ . . _ .

I

CRACK GROWTH IN TYPE 304SS
IN HIGH-PURITY WATER AT 289'O

32

,
K. (ifPo m#8)*3

O ,/ cEN9

h A C/cm*'

I a 0
>=
6 a 2

h
'

a o 20
O

s.-,

! O, i,,.> :
| 0.2 -|: 0.02-| = 0.2= =

! 0- , , i i i
| 0 500 1000 1500 2000 2500 3000

| TIME (h)
|

Fig. 3. Crack Length versus Time for ITCT Specimens of Solution-annealed
(EPR = 0) and Sensitized (EPR = 2 and 20 C/cm ) Type 304 SS in2

, 289'C Water Containing 0.2 ppm Dissolved Oxygen, Except for an
I Intermediate Period in Which the Oxygen Concentration was De-

creased to 0.02 ppm. The loading conditions for the positive
sawtooth waveform with a slow loading time (12 s) and a rapid
unloading (1 s) are as follows: loadgatioR=0.95, frequency =8 x 10-2 Hz, and K = 29 to 32 MPa.m for the specimen with the
largest crack
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CRACK GROWTH IN TYPE 304SS IN 289'O WATER
WITH 0.2 PPM OXYGEN AND 0.1 PPM SULFATE AS H2SO4

14- ,ge s gyp,,,ygy;
49 53 55 59 |

| 63

E '*~ LEGEND

b EPR. C/crn'

10-
G n' 2
Z
lil o. 20

"J
8 ---g

O<
K

I O 6- ovuw #
'

O

80|~ (ppm):
H--- 0.1 =,- 0 = ' -- 0.1 +

4 ,

5000 6000 7000 8000

TIME (h)

Fig. 4. Crack Length versus Time for ITCT Specimens of Solution-annealed
2(EPR = 0) and Sensitized (EPR = 2 and 20 C/cm ) Type 304 SS in

289'C Water Containing 0.2 ppm Dissolved Oxygen and 0.1 ppm
Sulfate as H SO , Except for an Intermediate Period with High-| 2 4

( Purity Water. The loading conditions for the positive sawtooth
waveform with a slow loading time (12 s) and a rapid unloading'

(1 s) are as follows: load ratio R = 0.95, frequency =
8 x 10-2 Hz, and K = 49 to 63 MPa mh for the specimen with

x
the largest crack.
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TYPES 316 8 316NG SS (289'C)
SA + 650*C/24 h

-5
-10 -- 316 SS 316NG SS

-

,

2 IGSCC TGSCC
-

-

8 ppm 0 + 0.5 ppm C1-! O O 2 '2- ,, p -! - e s 0.2 ppm 0 + 0.1 ppm SO42!
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Fig. 5. Correlation between Average Stress Corrosion
Crack Crowth Rate and Strain Rate.
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-

TYPES 316 8 316 NG SS (289'C) -

~

SA + 650*C/24 h [_

_ O.2 ppm 0 + 0.1 ppm SO,,
_2 4

_ -

"; 316 NG SS.TGSCC (0.76)
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Fig. 6. Correlation between Time to Failure and Strain
Rate for Failure by IGSCC and TGSCC.
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Fig. 7. Mapping of Axial Crack at 81-cm Position in
Weldment C2.
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AGING OF CAST DUPLEX STAINLESS STEELS IN LWR SYSTEMS *

l
. O. K. Chopra and H. M. Chung

. ,

Materials Science and Technology Division
Argonne . National Laboratory
Argonne, Illinois 60439

Abstract

A program is 'being conducted to investigate the significance' of
in-service embrittlement of cast duplex. stainless steels under light-water
reactor operating conditions. .The existing data are evaluated to determine
the expected embrittlement of cast components during the operating lifetime of
reactors and to define the objectives and scope of the investigation. .This
presentation describes the status of the program.. Data for the metallurgical-
characterization of the various cast stainless steels used in the investiga-
tion are presented. Charpy impact tests on short-term aged material indicate.

that CF-3 stainless steels are less' susceptible to embrittlement than CF-8 or
CF-8M stainless steels. Microstructural characterization of cast stainless
steels that were obtained from Georg Fischer Co. and aged for up. to 70,000 h.

,

at 300, 350, and 400*C reveals the formation of four diffe. rent types of
'

precipitates that are not n'. Embrittlement of the ferrite phase.is primarily
due to pinning'of the dislocations by two of these precipitates, designated as
Type M and Type X. The ferrite phase is embrittled . af ter. ~8 yr at 300*C and
shows cleavage fracture. Examination of the fracture surfaces of the impact-
test specimens indicates that the toughness of the .long-term aged material is

i determined by the austenite phase.
.

| Introduction

Cast duplex stainless steels are used' extensively in the nuclear
industry. The ferritic phase in the duplex structure of austenitic-ferritic,

stainless steels increases the tensile strength and improves weldability,
resistance to stress corrosion, and soundness of casting of these steels.

'

However, various carbide phases, intermetallic compounds such as sigma and chi
phase, and'the chromium-rich BCC phase (a') can precipitate in the ferrite
phase during service at elevated temperatures and lead to. substantial'varia-
tions in mechanical properties. It is well known that formation of
phasegreatlyreducesthetoughnessofcastduplexstainlesssteels.jigmaLong-
term aging at. relatively low temperatures, i.e., .3 ""' * #**
reductionsintheimpactstrengthofthesesteels.g0 '

5 Data on-the aging
behavior of-ferritic or austenitic-ferritic' steels show no evidence of sigma-

' phase formation at. temperatures below 550*C. The mottled appearance charac-
teristic of a' precipi temperatures
between450and500*C.gageshasbeenobservedinmaterialagedatMicrostructural studies on' cast, duplex stainless

steelthatwereagedforupto70,000 hat 400,350,and300'Creveagedthe
formation.of three.different types of precipitates which_are not a'.. At the-,

* Work supported by the Of fice of Nuclear Regulatory Research, U. S. Nuclear
Regulatory Commission.
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' operating temperatures of light-water reactors . (LWRs), i.e. , 280 to 320*C,
embrittlement of'' cast. stainless steels is probably caused by the formation.of
these.as..yet unidentified precipitates in the ferrite phase.>

.

. In general thermal aging of cast duplex stainless steels at temperatures '

-betweeni300'and 450*C causes an increase in hardness'and" tensile strength and-
a decrease:in-ductility,tCharpy impact strength, and J fracture toughness of~

^

i' :the material.- The low-cycle fatigue pro ties and fakgue crack propagation =
.

are not significantly: modified by aging. - The . room-temperature impacti

. strength'can. temperstures as; 10w as -300*C.p reduced -by ~80% af ter aging for ~70,000 h at"

. The-ferrite content of the cast structure has a pronounced-
j, -influence-onLthe embrittlement behavior,-namely, an increase in ferrite
} -content. increases the susceptibility to embrittlement.

I. . Extensive ' data' on' embrittlement of ! single phase binary Fe-Cr ferritic
: alloys indicate significant' effects of chemical. composition on the-aging
j behavior. 'An increase:in chromium.. molybdenum, or titanium content in

ferrite phase enhances the' rate as. well as the extent ' of embrittlement.ghe
Interstitial elements-, such as' carbon a
ment of single-phase ferritic steels.9'g nitrogen, also accelerate embrittle-

-

Unfortunately,'the bulk of this
work has -been carried out at. temperatures >400*C, and extrapolation of the
results to reactor temperatures may not be-valid. Furthermore, the influence

F of metallurgical variables such as ~ grain structure and ferrite morphology has~

! not been established ~.

:
';' The kinetics of embrittlement are evaluated by considering the aging?
j phenomenon to,be a thermally activated process' described by an Arrhenius'
l' relation. The activation energy is determined by examining the.. degree.of-

embrittlement produced by different time-temperature histories.-- ' Arrhenius
| extrapolations can be used to determine the equivalent aging time at different:
! temperatures:
i
p . \

- ~

t = 10P ,,p ('g )_
,

!

! where Q is the. activation energy, R the gas constant, T the absolute tempera-
b ture,ang.P.anagingparameterwhichrepresentsthedegreeofmagingreached
| after 10.~h at 400*C.-:The activation energy for the'processLof; embrittlement~

| -has-beengescribedasafunctionof-chemical.compositionofthe' cast
'

| material. |Thus,
f

l'

I

.Q-(kJ/ mole) =L-182.6'+=19.9z(% Si)'+L11.08)(%..Cr) + 14.4'(%.Mo). -(2)-.

_

Chemica1Jcompositions of the various cast materials included in low-
temperature aging' studies yield activation energies between 65 and.100 kJ/ moleJ

~

| (~15: andJ24 kcal/ mole) for cast ' CF-8.'or' CF-3 stainless steels and between: 75.

|: and(105 kJ/ mole (~18 and 25 kcal/ mole) for cast 'CF-8M stainless steel. The
room-temperature impact energies of cast stainless steels that:were. aged for.
sup'to 70,000 h atf300, 350, and'400*C'(Ref. 2) are plotted as a function of:
the parameter: P in' Figs. --I and ' 2. The activation" energies for the different.
tmaterials were calculated from:Eq. (2)..
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Fig. 1. Effect of Thermal Aging on the Impact Energy of Cast CF-8 Stainless
Steels Containing ( A) >30% Ferrite and (B) 15% Ferrite.-
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"ig. 2. Effeet of Thermal' Aging on the Impact
Energy of Cast CF-8M Stainless Steci
Containing 22% Ferrite.

For each material, ' the results for an aging temperature of .300*C follow
the data for higher aging temperatures. However, the time and temperature for
the onset of embrittlement is different for 'different materials. Cast;

i stainless steels containing >20% ferrite [ Figs. 1(A) and 2] show drastic
reduction in impact strength for P values >2. Cast CF-8 material containing
~15% ferrite [ Fig.-1(B)] shows a reduction in impact strength only above a
P value of 3 and the degree of embrittlement'is significantly less than for

the material containing 40% ferrite. gperimentaldataobtainedonCF-8 steel
from-the pump cover of the KRB reactor - are also plotted in Fig.1( A) . The
material _was in service for ~8 yr at 280*C. The results show good agreement
with data obtained on laboratory-aged material. Figures 1 and 2 may be used
to predict the impact energy of cast stainless steels after long-term service

7

at reactor operating temperatures.' For example, the impact energy of cast'

~CF-8 steel (containing 30-40% ferrite) or CF-8M steel (containing 20-25%
ferrite) will decrease below 70 J (50 f t lb) af ter ~2 yr service at 320*C or
~7 yr service at 280*C.
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Figure 3 shows the predis ced impact strength for various service condi-
tions of CF-8 material (containing 30-40% ferrite), aged at 280 and 320*C
during long-term service. The ductile-brittle transition temperature (DBTT)
curve was calculated from a tanh function given by

l (T - T )m + B - B l'~

K=Ko+B 1 + tanh. (3),3
|
-_

where K is the lower shelf value of the transition curve and B is half theo odifference between the upper and lower shelf. The coef ficients T , B, and modepend on aging. Initial values of the constants were determined from DBTT
data for the unaged material from the KRB pump cover. The change in coeffi-
cients T , B, and m with thermal aging is assumed to be the same as that foro
Heat 280N investigated by Georg Fischer Co. (Ref. 2). The predicted curve
for 70,000 h of service at 280*C shows fair agreement with the experimental
results, as shown in Fig. 3 (upper panel). The DBTT curve for service at
320*C indicates large reductions in upper shelf values af ter 70,000 h (~8 yr)
of service, and impact energie's below 70 J at temperatures up to 120*C.
However, the room-temperature impact energy after 300,000 h of service is
higher than that indicated by Fig. 1(A). For example, Fig. 3 predicts a
room-temperature impact energy of ~40 J af ter 300,000 h (~34 yr) of service at
320*C, whereas a value of ~20 J is predicted from data shown in Fig.1( A).
The DBTT curves shown in Fig. 3 are current "best estimates" and are subject
to large uncertainties. DBTT data for low-temperature aged material are
required to accurately establish the change in transition curve due to thermal
aging.

To demonstrate the validity of using such an Arrhenius extrapolation of
high-temperature data to predict the long-term embrittlement of cast stainless
steels at reactor operating temperatures requires a satisfactory understanding
of the aging process. The mechanism of embrittlement needs to be established
to ensure that the activation energy obtained from the laboratory tests is
representative of the actual process. 'The activation energies determined from
the aging data are much lower than that expected for a mechanism controlled
by solute bulk diffusion (i.e., activation energy of 230 kJ/ mole). This
indicates that processes other than precipitation of additional phases in the
ferrite matrix contribute to embrittlement of cast duplex stainless steels.
For example, microstructural modifications of the austenite phase or changes
in the fracture behavior of duplex material may influence the notch toughness
of cast stainless steels. The available information is.not sufficient to
correlate the microstructure with the mechanical properties or to determine
the mechanism of low-temperature embrittlement.

The objectives of this program are to (1) characterize the microstructure
of in-service reactor components and laboratory-aged material, correlate it
with loss of f racture toughness, and identify the mechanism of embrittlement;
(2) determine the validity of laboratory-induced embrittlement data for pre-
dicting the toughness of component materials after long-term aging at reactor
operating temperatures; (3) characterize the loss of fracture toughness in
terms of fracture mechanics parameters in order to provide the data needed to

j assess the safety significance of embrittlement; and (4) provide additional
'

understanding of the effects of key compositional and metallurgical variables
on the kinetics and degree of embrittlement.
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Fig. 3. Effect of Thermal Aging at 280 and 320*C
on the Transition Curves for Impact Energy
of Cast CF-8 Stainless Steel.

The relationship between aging time and temperature for onset of embrit-
t1ement will be determined by microstructural examination and measurements

of hardness, Charpy impact strength, tensile strength, and JIC fracture
toughness. The kinetics and fracture toughness data generated in this program
and from other sources will provide-the technical basis to define the aging
histories, chemical compositions, and metallurgical structures that lead to
significant embrittlement of cast stainless steels under LWR operating condi-
tions. Estimates of the degree of embrittlement will be compared with data
obtained from examination of material from actual reactor service. Data
pertaining to the effects of compositional and metallurgical variables on the
embrittlement phenomenon will help to evaluate the possible remedies for-

; existing and future plants.

- Material Procurement and Characterization
|
|

| Material was obtained from various experimental and commercial heats of
CF-8, -8M, and -3 grades of cast stainless steel. Nineteen experimental heats

.
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were obtained in the form of keel blocks approximately 180 mm long and 120 mm
high, with a thickness that tapered from 30 to 90 mm. The compositions of the
heats were varied to provide dif ferent concentrations of nickel, chromium,
carbon, and nitrogen in the material and ferrite contents in the range of 3 to
30%. Six large experimental heats, in the form of 76-mm-thick slabs, were
obtained for J -curve testing. Sections from four centrifuga11y cast pipes

R(grades CF-3, -8,.and -8M), a static-cast pump impeller (grade CF-3), and a ,

static-cast pump casing ring (grade CF-8) were also procured. The outer
diameter and wall thickness of the cast pipes range from 0.6 to 0.9 m and 38.1
to 76.2 mm, respectively.

A cover plate assembly of cast stainless steel from the recirculating
pump of the KRB reactor (the same one shown in Fig.1) was also procured.
The material was in service for ~12 yr at 280'C. The cover plate is 0.89 m.in
diameter and 0.32 m deep. The thicknesses of the various sections range from
60 to 120 mm. The ferrite content of the cast material is ~34%. The cover

plate assembly was decontaminated and samples are being obtained from
different sections of the plate for mechanical testing and microstructural
characterization.

Charpy impact specimen blanks were prepared from keel blocks of the
experimental heats and material f rom the various reactor components. Blanks
for compact tension specimens were obtained from sections of two centrifuga11y
cast pipes, the static-cast pump casing ring, the static-cast pump impeller,
and the cast slabs. The specimen blanks are being aged at 450, 400, 350, 320,

ical tests and microstructural examination have been presented earlier.g3chan-
and 290'C for times up to 50,000 h. The test matrices for the various

The
*mechanical test specimens were machined after the thermal aging treatment.

The orientations of the notches for the Charpy impact and compact tension
specimens were both L-C and C-L.*

The various cast materials were examined to characterize the chemical
composition, hardness, ferrite content, ferrite morphology, and grain
structure.. Energy dispersive x-ray analyses (EDAX) were performed to
determine the composition of the a and Y phases (i.e., ferrite and austenite
phases) of the duplex structure. All castings were examined in the three
orientations, i.e., longitudinal, circumferential, and radial planes, as well
as different locations, namely, material near the center and the inner and
outer surfaces of the pipes, and top (Row 6) and bottom (Row 3) regions of the
keel blocks. Orientation of the material had little or no effect on either
hardness or' ferrite content and morphology. The ferrite morphology in the
various cast materials was globular for ferrite contents of <5%, lacy for
ferrite contents between 5 and 20%, and acicular for material with larger
amounts of ferrite. The ferrite morphology in the keel blocks was different
from that in the centrifuga11y cast pipes. For the same ferrite content, the
islands of ferrite in the keel blocks were smaller and had a finer dispersion

than in the pipe material.

The chemical composition, hardness, and ferrite content of the various
heats of cast stainless steel are given in Table 1. The results show some

i

*L = longitudinal or axial and C = circumferential or transverse. The first
| 1etter designates the direction normal to the crack plane and the second

letter the expected direction of crack propagation.
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TABLE 1. Chemical Composition, Hardness, and Ferritic Content
'

" of,the Various Heats of~ Cast Stainless Steel
,.

Ferrite
~ Composition.a wt t' Hardness.- Content,b

.
..

Heat ' Grade . phi 51 Mo Cr Ni N C Location R 'IB
,

4

Cast Keel Stocks
'

'58 07-8 0.66 - 1.21 0.29 19.56- 10.37 0.040 0.050 Row 3 76.0 3.6
Row 6 78.2 2.1

57 0.69 1.24 0.28' 18.45 8.94 0.041 0.060. ' Row 3 80.1 51j
i Row 6 80.3 2.8
i

! 54 . 0.58 1.08- 0.31 ' 19.42 8.91 0.073 0.065 Row 3 82.6- '1.2
! Row 6 83.9 2.3
:

'

53 0.70 1.28 0.35 19.62 8.86 0.045- 0.070 Row 3 82.6 '9.5';
Row 6. 83.6 7.8

z
C ~ 0.60 1.16 0.30 19.33 8.93 0.031 0.060- Row 3 81.9 11.956'

Row 6 83.1' 8.2.

~

.59. 0.63 1.14 -- 0 26 20.35 -8.95: 0.040 0.070' -Row 3 83.5 14.2
Row 6 ' 82.8.. ~ 12.74

>.
i 61 0.70 '1.20 0.27 .20.54 8.59 - 0.060 0.060 Row 3'' -85.1 13.0

Row 6 85.5- L13.1.

60C 0.71 1.01 0.26 21.02 8.07 0.050' O.070- Row 3 86.2- ~20.4
' -Row 6 87.2 21.7' J

; 50 CF-3 0.67 1.26 0.28 17.63 8.84 0.064 0.019- Row 3 '79.6. 5.0
}. Row 6' 80.6 - 3.7

49 -0.66 1.11 0.29 19.32- 10.10 0.064 0.022 Row 3' 76.1 8.0
| Row 6 77.2 6.3
.

48 . 0.67 1.21 0.26 19.42 9.90 ~ 0.071 0.016 Row 3 71.6 . - 8.9
Row 6 z - 78.6 . 8.5

47 0.65_ 1.23 0.45 19.67 '10.04 0.027 0.018 -Row 3 79.0. '16.5
Row 6 80.3- 16.2

4

- 0.021 Row 3 81.4. 10.3i 52 0.63 1.04 0.31' 19.51- 9.07 0.049
Row 6 81.8 .16.7

*C'

SI 0.66 1.06 0.28 20.36 8.69 0.048 0.023 . Row 3 83.7 18.0
3 Row 6 83.9s ,18.0 :

1- '62 CF-8M- 0.84 0.64' 2.46 18.38 11.35 0.030 0.070' Row 3 '78.2 6.3
Row 6 78.0 2.6 ,

I I63- 0.69 0.75 2.52 19.39 .11.22- 0.030 _0.050 Row 3 81.0 10.9
I ' Row 6 82.1' .10.0
i
!

i

i-
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ITABLE 1. (Contd.)

Ferrite
Composition." wt 1 Hardness. Content.b

Heat Grade Mn Si Mo Cr Ni N c Location R I8

66C 'CF-8M ~ 0.71 0.60 2.36 19.41 9.13 0.030 0.060 Row 3 84.6 19.2
Row 6 85.8 20.5

65 0.66 0.63 2.53 20.95 9.39 -0.060 0.060 Row 3 88.4 21.4
Row 6 -89.5 25.4

C64 0.70 0.71- 2.41 20.87 9.01 0.030 0.050 Row 3 89.7 27.5
Row 6 89.7 29.3

Cast Components

el CF-8 1.22 1.19 0.64 19.10 9.32 0.041 0.036 0.D. 78.3 2.3
18.89 9.42 I.D. 80.6 1.7

P1 0.56 1.07 0.04 20.38 8.00 0.053 0.032 0.D. 84.5 27.6
20.60 8.20 !.D. 85.3 19.5

P3 cF-3 1.04 0.86 0.01 18.93 8.33 0.159 0.020 0.D. 80.6 2.5
18.85 8.56 I.D. 83.7 0.9

P2 0.72 0.92 0.16 20.20 9.24 0.041 0 020 o.D. 82.4 15.9
20.20 9.51 1.D. 85.1 13.2

1 0.46 0.80 0.44 20.08 8.50 0.030 0.016 Vane 3 81.1 20.2
20.20 0.80 Vane 1 82.2 14.3
20.34 8.64 Shroud 78.1 16.9
20.20 8.84 Hub 81.0 19.1

P4 CF-8M 1.07 1.02 2.06 19.63 10.00 0.153 0.039 0.D. 83.0 11.1
19.65 9.99 1.D. 83.2 9.8

s hemical composition of the keel blocks supplied by the vendor.c
bFerrite content measured by Ferrite Scope. Auto Test FE. Probe Type FSP-1.
CChemical composition of the large experimental heats,

differences in hardness and ferrite content for material from'different
locations in=the castings. The ferrite content is lower and the hardness is
slightly higher toward the inner surface of the various cast pipes. This
behavior appears to be related to the nickel content in the material, i.e.,
the concentration of nickel is higher near the inner surface. Differences in
hardness and ferrite content are also observed for material from different
locations in the static-cast keel blocks. Hardness is always higher toward
the top of the keel blocks. However, variations in the ferrite content-depend

/Ni
ontheCr,kis,lowerformaterialwithCrratio in the material; the ferrite content toward the top ofthe castin eo/Nieq <1.13 and higher for material
with Creo/Nieg >1.13. In general, the hardness of the cast material' increases
with an increase in ferrite content. For the same ferrite content, the,

hardness of CF-8 and -8M material is comparable while the hardness of CF-3
material is lower. An increase in nitrogen content increases the hardness of
all grades of cast stainless steel.

The ferrite content and the different structures present in the four pipe
sections and pump casing ring are listed in Table 2. The-grain structures
were examined in the axial, circumferential, and radial planes. Two castings,
P1 and P2, contained equiaxed grains across the entire thickncss of the pipe.
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TABLE 2. Ferrite Content and Grain Structure of
,

Various Cast Stainless Steel Pipes
,

' Ferrite
| 0D, Wall,

.,

' Grade- OD ID Grain Structure4 - Heat. m- . mm : Process
,

Content.a g

.

Cl 0.60 57.1 Static CF-8 2.3 -1.7- Banded , ; columnar /equiaxed ;
radial to axial ~ growth'.

'

near ends
II

P1- 0.89 63.5' ' Centr. CF-8 27.6 19.5 .Equiaxed across thickness-

| P3 ~0.58 151.6 Centr. CF-3 2.5 0.9 Banded , radially . oriented ' r

| columnar;ione equiaxed
,

j band (~4 mm deep)'near ID
|
; P2 0.93 73.0 Centr.. CF-3 15.9 13.2 Equiaxed across thickness

i
i P4 0.58 31.8 Centr.~ CF-8M 11.1 9.8 Radially oriented columnar- '

;

aFerrite content measured by Ferrite Scope, Auto Test FE, Probe Type FSP-1.

i

The grain size and distribution were not significantly different in the .three
j orientations. The equiaxed grains .nere probably. produced intentionally by a
i low pouring temperature or by shear between the liquid and solid. - The shear,

could cause dendrite arms to break of f and disperse in the' 11guid-solid '
; region. These castings are expected- to exhibit' uniform properties in all
j directions. The other two-centrifuga11y cast pipes,' P3 and P4,.showed radially

_

oriented columnar grains. Pipe section P3 also contained a1 band of small '*

j equiaxed grains near the inner surface.' This :hend was relatively thin, i.e. ,
.

' ~4 mm deep, and-probably formed accidentally. The. columnar grain castings are
expected to have uniform properties in the axial and circumferential direc . . |
tions. The static-cast pump casing ring, keel blocks, and slab showed a mixed

i - structure of. columnar and equiaxed' grains. ;
;

j EDAX analyses of the various cast materials indicate that the concentra-
!- tion of Cr, Mo,-and Si is. higher in the a phase and Ni is higher in"the:

'

: y phase. The concentration of Mn, C, and N is expected to be higher in the|
; - Y phase. The results-indicate that an increase'in the ferrite content'of the

' duplex material has -little or no ef fect on' the concentration of Ni 'in the 'two
,

: phases. .For - the various ' cast materials,''the' average. Ni content in the a and
| Y phases was 4.8 + 0.4 and 8.7 + 0.4.wt %, respectively. The concentration of

Cr in both-phases-increases slightly with an ' increase in the ferrite content.'

The lk ' content -in the a phase increases from ~25 we % for a cast materiallwith
2% ferrite. to ~26.1 wt % for 'a casting with '30% ferrite. -. The corresponding

~

,

values of 'the'' Cr content -in the y phase are.~19.2 and '20.4 wt %, respectively.
These results indicate that the precipitation reactions _in.the a phase should
not be significantly .different for cast: stainless steels containing different
amounts of ferrite. 1The strong effect of ferrite content on the4 impact energy-
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of-cast material is most likely dueLto the different distribution and morphol-
ogy of the. ferrite phase. . Precipitate. reactions involving the' interstitial
elements msyfalso influence iha' mechanical-properties of:the aged material.

Mechanical = Propertie's of Aged Material
,

~ Charpy-impact tests were conducted at room temperature on material ~ that q
was agedifor up to L3000 h at 450, 400, and 350*C. ' As expected, thermal aging ,
of the' cast stainless steels decreased the-impact energy. The_ data indicate
that the reduction in impact strength depends not only on the ferrite content,
'but'also on the grain.istructure and grade of the material. . Thermal aging of
cast-stainless steels with >10% ferrite resulted-in substantial reduction in.
impact energy, whereas cast. materials .with :<10% ferrite showed little or no
decrease in impact energy. The CF-3 grades of -cast . materials exhibit greater

~

resistance to embrittlement . relative to. the - CF-8 and CF-8M grades. For
example, the impact energy for Heats 47 and 52 of CF-3 steels decreased by
~25% af ter aging for .3000 h at 450*C, while; Heats 59 and 61 of CF-8 ' steels
showed ~50% reduction.in impact' energy after'a similar aging treatment. Data
also indicate' superior notch toughness for the centrifuga11y cast pipe mate-
rial'(e.g., Heat P2) relative to the static-cast keel-blocks.. Charpy-impact
tests 'are in progress on material that was aged at lower temperatures and ---

material from the pump cover of the KRB reactor..

1 -

Microstructural Characterization of the Aged and Impact-tested Material

Results of microstructural characterization by ' transmission electron
microscopy (TEM)fof:severalferriticalloysandcagtduplexstainlesssteels
(aged. at ' 300-475'C) have been reported previously. A total of-five different
types of precipitates have been identified in the ferrite phase. These can be
summarized as follows:

(1) a' - chromium-rich phase giving rise to mottled bright -
field images-but producing no detectable changes in the
diffraction patterns;

(2) Type P - platelet precipitate producing strong strain- _
field contrast in bright-field images'and giving risesto-
streaking of the ferrite diffraction spots;

(3)' Type M - M23 6-like precipitate' rich in Ni and Si andC

exhibiting a distinct diffraction pattern that'contains:
~

superlattice spots with a lattice constant slightly.
larger than the M23 6 P ase;1C h

(4) . Type X - precipitates observed on dislocations giving-;

! rise to very weak and streaked reflections as a result of
-

|
-

small volume fraction and very fine size;-

; :(5) Type 'ML - precipitates observed in association 'with"~

; Type M, coating the Type M precipitates and dislocations.
; , , .

F The various materials and aging conditions for which the different pre--
! .cipitates were observed'are summarized'in Table 3. The a'= phase was observed-
[- ' in all- alloys ' aged at 475'C,-i.e. , 26Cr-1Mo and 29Cr-4Mo-2Ni ' ferritic steels

'

| .#
t

'
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TABLE 3. Summary of Types of Precipitates Observed in Ferritic Alloys and I

Cast Duplex Stainless Steel after Long-term Aging at 300-475'c

Aging Conditions Precipitate Phases
Temp., Time,

Alloy 'C h a' Typt P Type M Type X Type ML

,

26Cr-1Mo ferritic 475 1,000 Yes
400 1,000 No No

29Cr-4Mo-2Ni 475 1,000 Yes Yes
ferritic 400 1,000 No Yes

Cast duplex 475 1,000 Yes Yes -

stainless steel 400 1,000 No No No No No
CF-8, Heat B

Cast duplex 400 66,650 No Yes Yes
stainless steel 400 10,000 No Yes Yes
CF-8, Heat 280 '300 70,000 No Yes Yes

Cast duplex 400 70,000 No Yes
stainless steel 350 70,000 No Yes Yes
CF-8, Heat 278 300 70,000 No Yes Yes

Cast duplex 400 10,000 No Yes Yes
stainless steel
CF-8M, Heat 286

and cast duplex stainless steel CF-8, Heat B. However, two heats of cast
duplex stainless steel that were obtained from Georg Fischer Co. and aged
up to 8 yr at 300 to 400*C did not show the a' phase. Since long-term
aging at the lower temperatures is more prototypic of reactor operating
conditions, TEM characterization was focused on the materials obtained from
Georg Fischer Co. Characterization by scanning electron microscopy (SEM) was

~

also conducted on the fracture surfaces of the specimens, which were impact-
tested at room temperature.'

1. TEM Characterization of Precipitates in Aged Cast Duplex Stainless Steel,

i

Examination of the cast duplex stainless steel CF-8 material (Heat 280,
ferrite content ~40%), aged at 400*C for 66,650 h, showed another type of,

|
designated tentatively as Type S.{gdicated in Table 3; this precipitate was
precipitate in addition to those

The presence of the Type S phase could
be detected only through a very careful examination of the diffraction
patterns. The Type S reflections were extremely weak, indicating a small
volume fraction, and could barely be detected on the microscope screen. As
a result, no dark-field images could be obtained. The weak spots could be
detected only from the developed negatives of the SAD pattern. The specks
are very sharp compared to reflections from the matrix or Type M phases,
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TEM Micrographs of Cast CF-8 Stainless Steel
(Heat 280) after Aging at 300*C for 70,000 h
(8 yr). (A) Bright-field image showing austenite

TA ( eft) and ferrite (right) grains; (B) higher
magnifications of the ferrite grain showing Type M
(if C(C)3 6-like) precipitates near dislocations;2

selected-area diffraction pattern of (B).e'
No precipitate reflections are visible in (C)
because of the low density.*
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TEM Micrographs Similar to Fig. 4 but after Aging
at 400*C for 66,650 h (7.6 yr). (A) Bright-field ;
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image; (B) dark-field image; (C) selected-area j
diffraction pattern. Note the high density of i
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2 TEM Micrographs of Cast CF-8 Stainless Steel
;k (Heat 278) after Aging at 300*C for 70,000 h
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(8 yr). (A) Bright-field and (B) dark-field
-

2Q images showing short dislocations decorated by
,

g: . Type X precipitates; (C) selected-area diffraction
. pattern showing diffuse weak Type X precipitate
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indicating that the reflecting sphere intersects thin, flattened, needle-like I

reciprocal lattice rods. The Type S precipitates were also observed for
specimens of cast duplex stainless steel CF-8, Heat 278 (ferrite content 15%)
aged at 300*C for 70,000 h.

'

TEM examination of material aged for long times at low temperatures
indicates that Type M and X precipitates, rather than the a' phase, influence
the toughness and fracture behavior of cast duplex stainless steels aged at
temperatures of <400*C. Both Type M and X precipitates are present in the
ferrite phase of the duplex structure. However, the relative densities of the
'two types of precipitates are not uniform for the different specimens and
ferrite grains. These precipitates are observed primarily near dislocations,
indicating some degree of immobilization of the dislocations by the precipi-
tates. Figure 4(B) shows an example of bright-field images of dislocations on
the ferrite phase of Heat 280 aged at 300*C for ~8 yr (parameter P = 3.99).
A relatively small number of Type M precipitates, ~10 mm in size, can be
observed near the dislocations. Because of the low density of the precipi-
tates, no extra reflections are detected in the corresponding selected-area
diffraction (SAD) pattern, Fig. 4(C). In contrast, the same material (i.e. ,
Heat 280) aged at 400*C for 7.6 yr (parameter P = 4.83) shows a negligible
number of dislocations [ Fig. 5(A)], a large density of Type M precipitates
[ Figs. 5( A) and (B)], and distinct precipitate reflections in the SAD pattern
[ Fig. 5(C)].

Figure 6 shows an example of dislocations in the ferrite phase,
immobilized by Type X precipitates. The bright- and dark-field images of
Figs. 6( A) and (B), obtained from a thin-foil specimen of Heat 280 aged at
300*C for 8 yr (parameter P = 3.70), show numerous short dislocations decor-
ated by the Type X precipitates. The dif fuse weak reflections of the Type X
precipitates are denoted by small circles in the corresponding SAD pattern of
Fig. 6(C).

The results from TEM examination of the microstructures of the cast
duplex stainless steel materials subjected to long-term aging (e.g., at 300*C
for 8 yr) indicate that dislocation glide in the ferrite phase would be
significantly limited because of the preferential precipitation of Type M and
X particles on or around the dislocations. In contrast, the structure of the
austenite phase is characterized by a high density of dislocations and
numerous stacking faults and is relatively free of precipitates, as shown in
Fig. 4(A). This indicates that the overall ductility of the long-term aged
duplex steel will be primarily sustained by the austenite phase. TEM char-
acterization of the material from the pump cover of the KRB reactor is in
progress.

2. SEM Fractographic Characteristics

Fracture characteristics of the impact test specimens of cast-duplex
stainless steel obtained from the Georg Fischer Co. were examined by SEM.
Detailed mapping of the fracture surface morphology for. Heat 278 aged at

j 400*C for 10,000 h (parameter P = 4.0) showed that approximately 15-20% of the
' fracture surf ace was composed of brittle cleavage and the remainder exhibited

a ductile dimple morphology. The cleavage-morphology region revealed river
|
|
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patterns characteristic of a brit'tle. fracture.13 In comparison, the extent of
cleavage in. the fracture surface of the specimen aged at 300*C for 10,000 h ;

- (parameter F = 3.14) .was minimal. -
s

Similar' fracture surf ace mapping was conducted for ' specimens of Heats 278
and 280, ' aged at 300*C for 8 yr (parameter P = 3.99 and 3.70 for ' Heats 278 and
280, respectively)~. The fracture' surface morphologies of the two specimens:

are shown in Figs. '7 and 8,' respectively. The overall Iow-magnification
morphologies [e.g. . . Fig. 7( A)] ' of ' the fracture surf aces did .not indicate any
appreciable macroscopic deformation during the room-temperature" impact

'

f ailure. Mapping of the high-magnification fractographs ehowed that"~15 and
40% of the fracture surfaces of Heats .278 and 280, respectively, were of a -
brittle-cleavage nature [e.g., Figs. 7(C) and 8(C)] . The rest of the fracture
surfaces:showed ductile. morphologies.. The characteristic river patterns could
be observed in the . cleavage regions.

The fractions of the. fracture surf aces of the impact test specimens
characterized by the ' cleavage morphology correspond approximately to the
ferrite contents of the material, i.e., ~15 and 40% for Heats 278 and 280,
respectively. .These observations -indicate that"the ferrite phase has been

~

embrittled by aging for 10,000 h at 400*C or-70,000-h (8 yr) at 300*C.
However,, aging for shorter times, e.g., 10,000 h at 300*C, did not'embrittle
the ferrite phase. D The results of the fractographic characterization of the
ferrite phase are consistent with the TEM observations which indicated that
dislocations in the ferrite phase of the embrittled material were . immobilized
by Type M and X precipitates. Since the ferrite phase is already embrittled
after aging at 300*C.for ~8 yr, the' toughness.of the cast stainless steels.
af ter aging for a longer. time 'will be determined by either the austenite phase
or interactions between the austenite and ferrite phases of the duplex :
structure..
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| Fig. 7. SEM Fractographs of Cast CF-8 Stainless Steel (Heat 278) after Aging |

I at 300*C for 70,000 h (8 yr) and Impact Failure at 25'C. (A) Overall
fracture surface; (B) and (C) higher magnifications of the circled
region in (A), showing brittic-cleavage morphology of the ferrite
phase. ;
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Fig. 8. SEM Fractographs of Cast CF-8 Stainless Steel (Heat 280) after Aging
and Impact Failure Similar to Fig. 7. (A) Lower magnification
showing both ductile and brittle-cleavage morphologies; (B) and (C)
higher magnifications of the cleavage in 'A).
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SENSITIZATION DEVELOPMENT IN AUSTENITIC STAlf!LESS STEEL PIPING (a)-
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,

INTRODUCTION

. Pacific Northwest Laboratory and 'the Division of Engineering Technology of '
the U.S. Nuclear Regulatory Connission are conducting a progran to determine a-
method for evaluating welded. and repair-welded stainless steel piping for
light-water reactor. service. Validated nodels, based.on'experinental' data, are
being' developed to predict.the degree of sensitization (DOS) and the intergran-
ular stress corrosion cracking (IGSCC) susceptibility in the heat-affected zone
(HAZ) of the SS weldnents. The cumulative effects of naterial composition...~

past fabrication procedures, past service exposure, waldnent thernonechanical
(TM) history, and projected post-repair component life are being considered.,

~

Austenitic SS components of connercial boiling-water and pressurized water
reactors have experienced IGSCC in the HAZ of SS weldnents. Although Only.a.
few instances of such cracking have been observed -their potential for causingL.

serious component. f ailure should ' not be underestimated. Intergranular stress- *

corrosion is caused by conbination of a sensitized microstructure, an aggres-
sive environment, and. tensile stress. Control of any of these :three factors t

can elininate IGSCC in oost. practical situations.

This progran will neasure and nodel the developnent of HAZ . Tit history and
resultant sensitized nicrostructure in welded and repair-welded piping. ' An
empirical correlation between a naterial's DOS and its susceptibility to SCC
will be deternined using . slow-strain-rate tensile. tests. Mill-. heat chenistries
and processing /f abrication records-already required in the nuclearfindustry ;
will be used as input for initial DGS predictions. Reconnendations _ for
increased procedure controls and record changes will he made as required to
at tain realistic DOS and SCC susceptibility predictions.

This paper briefly reviews specific aspects of the experinental progran
conpleted:to date. Emphasis is~'given to three areas: (1) developnent of 4

~ composition-based correlations to predict sensitization resista cn e:
.

- (a) Work ' supported by the U.S. Nuclear Regulatory Connission under Contract
DE-AC06-76RLD 1830.
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(2) quantitative measurenent and nodoling of sensitization development: and
,

(3) neasurement of thernonechanical history and sensitization in the heat- '

affected zone of pipe welds.

COMPOSITION-N SED CORPELATI0ris TO PREDICT SENSITIZATION
RESISTArlCE OF AllSTEfilTIC STAINLESS STEELS

Racksround

Sensitization refers to the loss of corrosion resistance after beat treat-
nent in, or slow cooling through, a particular temperature regine. This sus-
ceptibility to corrosion results from a change in the local composition at
grain boundaries. The primary composition change that occurs is the precipita-
tion of chronium-rich carbides and an associated depletion of chronium in the
adjacent region. The impo nce of chronf un depletion was first proposed by
Bain, Aborn and Ruthe rd and was more antitatively developed by
Stawstrom and H111ert and Tedmon et al. Experimental measurements (4-6)
have indicated that the chronium-depleted Zone is, in nost cases, directly
responsible for the loss in IGSCC resistance.

The developnent of a sensitized nicrostructure is controlled by the
thermodynanics of carbide formation and the kinetics of chronium diffusion.
Sensitization occurs in a tenperature regine in which chroniun carbides are
thermodynamically stable (<400*C) and chroniun diffusion is sufficiently rapid
(>500 C) so that precipitates can form in a reasonable period of tine. If
chronium diffusion occurs too rapidly (>825 C), precipitates will forn, but no
significant chronium depletion will result. Therefore, sensitization only
results from thernal exposure within a relatively narrow tenperature range.
This range is normally between 550 and 800*C but is strongly dependent on
material composition.

The present work has exanined a large data base of tine-tenperature-
sensitization (TTS) curves from the literature and neasured isothermal sensiti-
zation development in a series of Types 304 and 316 SS pipe heats ranging in
bulk carbon contents from 0.01 to 0.075 wtL fiaterial DOS has been deternined
as a function of thernal treatnent using electrochenical potentiokinetic reac-
tivation (EPR) tests. Composition correlations are proposed and evaluated to
account for the effect of najor alloying elements such as carbon, chroniun,
nickel, and molybdenun on sensitization development.

Composition-Rased Correlations

Cihal(7) rationalized heat-to-heat variability in intergranular corrosion
and SCC resistance by nornalizing compositional differences with " effective"
chronium and carbon concentrations. Chronium concentration was nornalized in
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. relation to molybdenun' and carbon was normalized in relation to nickel. This,

allows the following-expression to be dritten:

'Cr* 4.Cr'+'(1.0.to 1.7)'Mo - 100 C - 0.2 Ni (1)

.where Cr* is defined as a " composite" chroniun concentration and elenent desig-
nations represent' their_ bulk content in(weight pe nt. The ' basic forn of this
equ on. is identical to that proposed by Fullnan and used by Briant et
al. This composite chronium tern allows the effect of. heat-to-heat composi-
tion; variations on. sensitization resistance to be evaluated. Lower composite
chroniun values indicate an increased potential for sensitization.

A large number of composite chroniun formulations, including several based
on Cihal's equivalanc raneters. had been evaluated by comparison to the -
literature data base. I Some of the results from this evaluation are sunnar-
ized in' Table 1. - Linear regression analysis was performed using each of the
formulations versus_ tine-to-sensitize data at 600'C, 650'C, and 700'C. These-
temperatures were the only ones for which sufficient data existed to allow
statistical comparisons. The relative " fit" of the particular nodel prediction

~to the data is also shown in Table 1 (the lower the var _iance, the better the
fit). .Considering_the source of these data, the strong positive correlations

! recorded for several of the predictive equations are promising. Results con-
paring data at 600,and 700'C were similar to those at 650'C. The best predic-'

tive capability was obtained using the Cihal parameters with the nolybdenun.

parameter slightly adjusted. A typical correlation between prediction and.the
tine-to-sensitize data base is shown graphically in Figure 1.

It'is important to note.fron Figure 1 that the scatter in experimental
time-to-sensitize data for a particular Cr* can be as much as two orders of
nagnitude. ' This scatter is prinarily due to variations in initial material
condition (e.g., nill' annealed, solution annealed, or cold worked), differences

| in experimental techniques anong laboratories (e.g., test time or evaluation
criteria to detect sensitization), and difficulties in accurately identifying
the-tine to sensitize from the reported data. Thus, although.the Cr* equations
fit the trend of the isothernal sensitization data, they cannot be used to
quantitatively predict sensitization times.

A signif.icant_ improvement in the correlation fit was observed by examining
TTS curves tjenerated from EPR tests or our progran heats. These data are dis-
cussed in'nore detail in the nodeling section. Excellent agreenent was docu-~

nented between composite chronium concentrations and tine-to-sensitize data, as
presented in Figure 2. Variances determined by the linear regression fit vere
an order of nagnitude lower than for' the literature data base correlation shown
in Figure 1. Thus, the use of calculated composite chroniun concentrations
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!-appears to.be an effective nethoo of taking into account heat-to-heat con-
- position Lvariations and assessing a natorial's relative -resistance to J,

sensitization.

-Factors of Improvenent Based on Predicted Sensitization Resistance

The; correlation between composite chroniun concentration =.and the time to
sensitize demonstrated in the previous section enables the comparative assess-
ment of dif.ferent heags of Type 304 or 316 SS. Relative sensitization resis-
tance can be.deternined by calculating the expected time to sensitize from the
empirical correlation.shown in Figure 1. Linear regression analysis of all
data resulted in.the equation:

f

log (t ) = -3.96 + 0.325 Cr* (2)
s

or
In (t ) = -9.108 + 0.748 Cr* (3)

3

w:iere ts-.is the time to sensitize 'in hours (at 650 C) as neasured by nodified
Strauss or EPR tests.

s

The relationship depicted in equations 2 and 3 allows the prediction of
relative sensitization resistance as a function of- bulk heat composition (Cr*).
In order to compare various heats of naterial, a factor of .inprovement (F/I)

;s can be obtained by ratioing the expected times' to sensitize of Heat ] varsus
j Heat 2 using equation 3:

,

exp (-9.108 + 0.748 Cr *I
1

F/I = exp (-9.108 + 0.748 Cr *) (}
2

whereCrhely.* and Cr2* are the composite chromium concentrations' of Heats 1-and 2,respecti

Exanples of these factors of inprovenent in . comparison .to a. high-carbon
and a medium-carbon Type 304 SS are listed in. Table 2 - for Types 304, 304L,.3

f304HG, 316, 316L, and 316NG stainless steels.. The significant' effect of- reduc-
ing carbon content is observed by comparing: improvement . factors within a ' par-

~

ticular alloy type, either Type 304 or. 316 :SS. ~ A factor of inprovenent of
about .20.is predicted for Type 316NG'over stand' ard. Type 304 SS..

~

. Although time-to-sensitize data were obtained fromL tesi.s ' on isothernally
| -heati-treated : specimens, the' data .do indicate relative improvenents' expected z in-

shown to accelerate / sensitization' development.(ycling duri5g welding had been
weld-induced sensitization. Thernomechanical dc

11) ' Thus',' the calculated time|
|; to sensitize will be an overestination.of?the actuaistine to sensitize of the

HAZ.; The factor of improvenent.nay also be changed, but may still reflect .the
|
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relative'nagnitude noted for the isothermal case. Verification tests are
required to determine whether such a correlation is possible.

QUANTITATIVE MEASUREMENT AND MODELING OF SENSITIZATION OFVELOPPFNT

Background

Sensitization of austenitic stainless steels is dependent on the therno-
dynamics of_caroide precipitation and the kinetics of chroniun diffusion. Heat
treatment in, or slow cooling through, the temperature range .fron 550 to 800 C

.

. promotes intergranular chroniun-rich precipitation and depletion of chroniun in
adjacent regions. These local chroniun-depleted regions are nore electrocheni-
cally active than the. bulk material and nay cause intergranular corrosion
and/or stress corrosion in many environnents. The ability to adequately nodel
and predict sensitization (and IGSCC) behavior of stainless steels requires a
better understanding of the development'of chromium-depleted regions.

A significant limitation in s'any studies investigating sensitization-
development .has been the lack 'of a quantitative nethod of determining raterial
DOS. The development and application.of the EPR test has been an inportant
step in overconing this'linitation. The EPR test and modified Strauss test

appear to be the nost sensitive.to grai
best correlate to IGSCC susceptibility. Igundary chroniun depletion and to

Attempts have been made by several researchers to predict sensitization
behavior by modeling chromium depletion at grain boundaries. Most studies have
assessed their predictive capability by comparison to corrosion-test results.
However, nore recently, direct comparisons between neasured and predicted
chronium depletion profiles have been reported. While indirect and direct
measurement comparisons show excellent qualitative agreenent with prediction,
more quantitative ~ correlations over a range of conditions have' not been
possible.

Nodel Description for Quantitative DOS. Prediction

A model for the prediction of material DOS as a function of bulk composi--
tion, initial condition and TM history is being developed. . Basic components of
the model are shown schematically in Figure 3 and include determination of the
equilibrium chronium| concentration at the carbide-matrix interface based on'the
thernodynanics .of carbide formation, chroniun concentration gradients based on -

"ef fective" diffusivities, and'an empirical correlation between chroniun deple-
tion and_LOS as' indicated by.the EPR test. Several .other correlations are also
present in the model to account for compositional. effects on diffusion and to
determine the onset |and progression of healing during extended heat treatment.
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An inportant aspect of the nodel is the prediction of DOS in a form tnat
allows straightforward comparison to experiment. Thus, existing nodel capa-
bilities and attempts to improve the predictive ability can be evaluated using
an inexpensive, yet quantitative technique (i.e., EPR). Examples showing the
ef fect of bulk composition on the predicted equilibrium chroniun concentration
at the carbide-matrix interface are presented in Figure 4 The four elements
displayed--carbon, chromium, nickel, and nolybdenum--are the nost important in
reference to sensitization developnent in stainless steels.

Sensitization resulting from isothernal or continuous cooling treatments
has been modeled in both Types 304 and 316 stainless steel. In addition,

several instrumented weldments have been examined on a pass-by-pass basis.
Predictions indicate that the nodel is capable of naking realistic estinates of
DOS if the thernal history is known. Comparisons between neasured and pre-
dicted EPR-DOS values are discussed in the following sections for isothernal
sensitization. Prediction of HAZ sensitization development is treated after
the description of thermouechanical history measurement techniques.

EPR Measurements of Isothernal Sensitization Development

The isothermal TTS behavior of seven heats of Type 304 and seven heats of
Type 316_SS has been evaluated. Materials were obtained as 4-in.-diameter
pipe, either Schedule 40 or 80. Rulk compositions
experimental details have been reported elsewhere (of)each heat and specific12 Alloys were heat
treated at tenperatures ranging from 500 to 800 C and for tines from 0.1 to
100 hours. All heats were initially in the mill-annealed condition.

Sensitization development in both the Types 304 and 316 SS heats tracked
reasonably well with the bulk carbon content of the heats. Within a particular
alloy type, the higher the carbon content, the higher the measured DOS for a
given isothermal heat treatment. Examples of this behavior are shown in Fig-(

ures 5a and 5b for heat treatment at 700 C. High-carbon heats reach EPP-DOS
2

values of wejl over 100 C/cn after 100' h at 700 C. An EPR-DOS value greater
than 20 C/cm is commonly considered to be " severely" sensitized.

The kinetics of sensitization development are_ nore rapid in Type 304 than
in Type _316 SS as seen by conparing the data in Figure 5a to Sb. For a con-
parable carbon content, the DOS reaches a neasurable value at shorter times and
reaches higher values at longer times in Type 304 than in Type 316. This is
consistent with the reported slower chronium iffusion rate in Type 316 (by
about e factor of 4 at these temperatures).I2 The sensitization data obtained
after annealing at 500 and 600 C also support this difference in diffusivities.

Another difference between the data for Types 304 and 316 was the onset of
" healing" at shorter times and at lower temperatures for Type 304 heats. Heal-
ing occurs when chromium diffuses from the matrix into the depleted zone and
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reduces its size and therchy the nateria!. DOS. _ All of the Type 316 heats
showed increasing _ DOS through 100 h at 700 C (Figure 5b). However, nost of the
Type'304 heats exhibited a lower (or comparable) DOS after_100 h than after
10 h'at 700*C (Figure'Sa). This indicates that the maximum DOS was reached and
healing started between these' annealing times. At higher temperatures, the

.

disparity between Types 304 and 316 heats due to healing becane quite obvious.
Very little sensitization was observed in any of the Type 304 heats at 800 C ;

while g ificant DOS levels were still achieged in higher-carbon, Type 316 j
heats. Sensitization levels above 2 C/cm were not' identified in the low- )
. carbon (L) grades of either alloy as a result of heat treatment at 800 C.

Comparison of Model Prediction to Isothermal Sensitization Measurements

Isothermal sensitization development in more than 20 heats of Types 304
and 316 SS has been neasured using the EPR technique. This data base is being
used to evaluate model capabilities to predict compositional effects on sensi-
.tization. Examples of typical model predictions are shown in Figures Sc and 5d
below the experinental neasurements. Although sone differences can be noted by
examining specific heats at certain time / temperature conditions. overall the
predictive capability is quite good. Relative ranking of each heat is con--
sistent comparing experiment and model predictions. A nore extensive docu -

tation of model predictions have been presented in a separate publication. )

One of the most difficult aspects of DOS prediction is the effect.nf ini-

tial material condition. Measured sensitization development at temperatures
between 500 and 700 C indicate that apparent chromium diffusivities are sig-
nificantly nore rapid in mill-annealed versus solution-annealed naterial.

Several studies have gn that prior strain or cold wark can accelerate sensi-tization development. The model allows the input of initial naterial
condition, which nodifies the effective chronium diffusity equation. This
nodification was necessary to better predict sensitization development in both
mill-annealed and solution-annealed materials.

HEAT-AFFECTED ZONE MEASUREMENTS OF THERM 0 MECHANICAL' HISTORY
AND SENSITIZATION IN PIPE UELOS

Background-

A weld / repair HAZ'is subject to a complicated strain history superimposed
over the heating and cooling cycle.- Recent work indicates that this strain

- cycle increases the resultant sensitization of the HAZ over that. predicted .fron
strain-free isothermal data or that measured in specinens subjected to a sini-
lar but. strain-free heating and. cooling cycle. It -is therefore necessary to
precisely deternine the strain / temperature history of _a HAZ. -The HAZ strain
history is more complex in a multipass weld / repair than in-a single-pass

-
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weld / repair. Strain history is also more complex in a pipe weld / repair than in
a plate weld / repair; stresses can be rilieved by plate hending, while circun-
ferential restraint restricts netal novenent in a pipe weld.

Previous experimentation involving the HAZ TM history concentrated nn
temperature measurenents as a function of time and distance from the fusinn

line. The present work will determine sinultaneously the strain and tenpera-
ture history in welded / repaired pipe HAZs as a function of tine and distance
from the fusion line. It is expected that the resultant HAZ TM history will he
a complex function of system restraint and heat absorption capability. Varia-
bles that can be expected to influence the TM history are pipe diameter and
wall thickness, changes in well thickness from one side of the fusion line to
the other, depth of counterbore, weld / repair groove geonetry, amount of weld
crowning, weld heat input, length and depth of repair, and welding technique.

A major goal of this work is to identify, neasure and nodel the welding
and repair-welding variables that have a major effect on resultant DOS. The
initial work will be oriented toward experimentally determining HAZ TM his-
tories of welds / repairs as a function of pipe size and heat input. Data will
then be used to assess analytical methods for predicting TM histories of
generic welds / repairs and the effect of specific welding and repair-welding
variables on the resultant TM history.

Instrumentation Development

The decision to measure TM histories dictated the need for fast response
signal recording capabilities. strain measurenent devices that can withstand
temperatures up to the melting point of stainless steels, and signal generation
equipment that can withstand an electric welding arc superimposed over the
desired strain or temperature measurenent device signal. The resultant data
must also be deciphered once the test is conplete; thus, a Data Retrieval and
Analysis Systen (DRAS) has been developed specifically for this progran.

The DRAS begins with the temperature and strain sensors attached in the
pipe HAZ. The sensor signals generated during welding are fed through an
optically isolated amplifier and noise filtering systen and into a high-speed
analog-to-digital converter. The signals are then sent to a dedicated computer
system where they are displayed in real tine on a CRT and stored on-nagnetic
tape. The systen is capable of recording 112 independent inpat signals at a
rate of 25 data sets (2800 signal inputs) per second. . Data storage on magnetic
tape allows post-weld data analysis and also allows easy data transfer from one
computer system to another.

Three types of strain-sensing devices have been developed under this pro-
gram. .One type is used to neasure strain changes on the pipe surface; another
is used to measure strain changes perpendicular to the pipe surface. The third

238



.

raeasures axial shrinkage and expansion. All strain-sensing devices use a
standard NTS crack-opening displacement clip gage to measure strain changes.

The clip. gages used to measure surface strain are insulated from surface
temperature excursions by' ceramic extensions. These extensions cnntain notches
on-their outside surfaces which nate to knife edges in the stainless steel

-attachment feet. The feet are connected to the pipe surface by spot welded
studs 0.125 in. in diameter and spaced 0.250 in. apart. A spring against the
outside surface of the feet counteracts the force exerted by the clip gage legs
on the attachment feet. Surface strain-sensing rievices are attached parallel
'and perpendicular to the weld centerline as a functinn of distance into the
expected HAZ. Thernocouples are spot welded to the pipe between the studs to -
allow simultaneous measurement of strain and tenperature.

The strain change measurements perpendicular to the pipe surface require
the use of a " stationary" measurement platform abnve the pipe surface. This
was accomplished by constructing a bridge above the counterbore surface and
anchored to the pipe surfaces outside the counterbore area. One leg of an MTS
clip gage was attached to this bridge and a ceranic pin was forced between the
other clip gage leg and the pipe surface. The NTS clip gage thus records any
relative movement between the counterbore . surface and the bridge. These pro-
filometer surface-movement sensors are placed along the bridge as a function of
distance from the weld centerline. The three different types of strain-change
measurement devices are shown attached to the 24-in.-dia, pipe in Figure 6.

No problem was encountered in recording the sensor outputs during gas
tungsten arc welding (GTAW), but the radio frequency interference-(RFI) emitted
during high-frequency arc starting was found to disrupt operation of the DPAS.
The RFI was capable of locking up the analog-to-digital conversion unit,
requiring a system shutdown and restart. It was also capable of_ scrambling the
information on the Winchester hard disk, requiring reprogranning of the disk
before system reuse. These RFI-related. problems required the developnent of an
arc-starting method.that did not enit RFI.

A technique was developed and is presently being used that employs an-
auxiliary GTAU torch. ' The auxiliary torch -is attached to the ground lead of
the welding power supply.-_It is then brought in contact with the welding
electrode. The auxiliary torch is withdrawn once an arc is struck between .the
two tungsten electrodes. This starting arc _ transfers from the. auxiliary elec -
trode to the work piece during torch renoval and welding is initiated without
the emission of RFI.

Thermomechanical History Measurements on Pipe Welds

The' DRAS was used to record the thermal history on a pass-by-pass basis on
three 14-in.-dia. Schedule 160 Type 304 stainless steel pipe welds. Thermal
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history, limited strain history, and post-weld DOS measurements were nade on a
fourth 14-in.-dia, pipe weld.. Pass-by-pass thernal, strain, and DOS histories !

- have.been determined on a 24-in.-dia. Type 304 schedule 80 SS pipe. Examples i

of the experimental measurements on the 24-in.-dia. pipe will by1gesented
below. ' The :14-in.-dia. . pipe data have been reported elsewhere.

The 24-in.-dia, pipe is being welded in the 2G position with the pipe axis
,

oriented in the vertical direction and the welding head traveling in a horizon-,

.

tal plane around the pipe, as . illustrated in Figure 7. Note that the weld head
rides in grooves machined-in the pipe surface. The sensor package installed on
the 24-in.-dia. pipe included ten surface strain-measurement devices, six pro-
filometer devices,'an axial extension gage, and six thermocouples specifically
used to define the thermal history of the DOS measurement region. Surface
thermocouples were placed between the attachment studs for each of the ten
surface' strain-measurement gages. Thernocouples were also placed on the legs
of the 17 MTS clip gages in order to monitor strain gage temperatures. Place-
ment of the strain-measurement devices and their associated thermocouples for
the 24-in.-dia. pipe is shown in Figure 6.

. Typical thermomechanical history and resultant DOS plots are shown sche-
natically in Figure 8. Temperature and strain plots represent data . collected

, ' at a specific distance out from the fusion line as a function of arc-nn time -;

for several weld passes. Sensitization is determined after each pass. Typical
,

surface deflection and temperature response during welding of the 24-in.-dia.'

pipe are superimposed in Figure 9. The temperature is found to remain4

unchanged until the arc is very close to the thernoccuple psition. The
surf ace temperature then rises very rapidly, reaches La peak temperature, and.
then cools down relatively slowly.

The surface strain exhibits a compressive component as the arc approaches,
which turns into a tensile component as the area heats up. The tensile strain
slowly decreases once the thermal spike has receded. A two-dimensional plot of
surface temperatures induced in the 24-in.-dia, pipe by.the arc.is. presented in
Figure 10 as a function of distance from the weld'and distance along the weld.
The arc-induced heat only . influences a region of less than. one half inch:in
front of the arc but influences a.four to five inch long region behind the arc.

Correlation of Thermonechanical History, DOS Measurements and Model PredictionsL

One of the primary reasons that pipe HAZ 'thermonechanical history is 'being
determined is to' enable prediction of~the expected DOS present in.the HAZ.
Model predictions are being compared to EPR neasurements obtained:as a function
of distance in the-HAZ;after each weld pass.'

.

A.
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An overview of the thermal history data used to calculate DOS as well as a
comparison of the. actual and predicted EPR values is presented in Figure 11 for
the first (root) and second passes for the 24-in.-dia, pipe weld. The top

. graph in Figure 11' illustrates the change in maximum temperature as a function
of distance from the weld centerline for both passes, while the middle graph

I illustrates the change in_ cooling rate. The bottom graph presents the measured
and predicted EPR values after the first and second passes.

The first pass reached higher temperatures than the second. Both had
'relatively' equivalent cooling ' rates at comparable temperatures. Measured and
predicted DOS values peaked near the'same HAZ location corresponding to a
mex1. mum temperature of about 800 C. Comparison of measured and predicted HAZ
sensitization -in Figure 11 indicates the potential applicability of the model.
Further developments through direct correlations to experimental measurements
are continuing.

SUMMARY

Several specific aspects of the experimental program, " Evaluation of
Welded and Weld-Repaired Stainless Steel for LUR Service" have been reviewed.
Three areas are discussed in some detail: 1) development of composition-based
correlations to predict sensitization resistance; 2) quantitative measurenent
and modeling of sensitization development; and 3) neasurement of thermonechani-
cal history and sensitization in the heat affected zone of pipe welds.

'
Calculation of chromium composite concentrations was found'to be an effec-

tive method to normalize bulk composition effects on: sensitization. A simple
method is proposed to predict the relative sensitization resistance of indi-
vidual heats based on correlations to isothermal experimental data. Factors of
improvements can be estimated by ratioing predicted times to sensitize for
specific heats.

A preliminary model has been developed that enables the prediction of-
material DOS (as measured by EPR) as a function of alloy composition, condition
and thermal history. Comparisons of experimental measurements and model pre-
dictions for isothermal sensitization development in' Types 304 and 316 SS were,

in good agreement. The EPR technique allowed an accurate mapping of sensitiza-
tion development and, thereby, an excellent data base.for quantitative corre-
lation to prediction.--

Thermomechanical history and sensitization neasurements' have been per-
formed in the HAZ of pipe welds. Present instrunentation is capable of accu -E

rate monitoring of thernal and strain history on a pass-by-pass basis. Strain
development is being measured parallel, perpendicular, and normal to the ~ weld

1
.
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centerline. Preliminary correlations between measured -DOS and. predicted DOS
(using measured thermal histories) as a function of-distance within the HA7. are
encouraging.
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TABLE-~1. ' Comparison of Predictions from Composition-Based Models to
Those from. Time-to-Sensitize.(t ) Data Base- s.

Predictive Formula for
Equation Composite' Linear Regression Variance on Data

- Source Chromium. Cr*' Correlation Equation " Fit" at 65n*C

. Carbon content.. .C log t, = 1.87 - 36.47 C 0.55
_

Cihal-1.0- 'Cr + 1.0 Mo a 0.2 N1 - 100 C log tg = -3.82 + 0.376 Cr* 0.473<

Cihal-1.3 Cr + 1.3 Mo - 0.2 N1 - 100 C log t = -4.03 + 0.338 Cr* 0.3RR
g

Cihalil.5 Cr + 1.5 Mo - 0.2 N1 - 100 C log ts =.-4.00 + 0.330 Cr* 0.350

Cihal-1.6 Cr.+ 1.6 Mo - 0.2 Ni - 100 C ' log t = -3.96 + 0.375 Cr* 0.341*g

'Cihal-1.7 Cr + 1.7 Mo .0.2 Ni - 100 C log tg = -3.46 + 0.324 Cr* 0.347

Briant10). . Cr + 1.42 Mo - 0.18 Ni - 100 C . , log t . -4.11 + 0.335 Cr* 0.374I g

I9) Cr + 1.45 Mo - 0.19 Ni - 100 C log t'= -4.07 + 0.332 Cr* 0.364Fullman g -

+ 0.13 Mn - 0.22 51 - 0.51 Al -
0.20 Co + 0.01 Cu + 0.61 Ti +
0.34 V --0.22.W

Nitrogen Cr + 1.6 Mo - 0.2 Ni - 100 C log t = -3.R9 + 0.310 Cr* 0.365
g

modified + 9.2 N

Carbon modified .Cr + 1.6 Mo - 0.2 N1 - 110 C log t '* -3.50 + 0.300 Cr* 0.385g

Mn/Si-modified Cr + 1.6 Mo - 0.2 Ni - 100 C + log t, -4.02 + 0.3?A Cr* 0.349
0.13 Mn - 0.22 St

Ni modified Cr + 1.6 Mo - 0.18 Ni - 100 C log t = -4.03 0.325.Cr*' 'O.356
s

Ni modified Cr + 1.6 Mo - 0.22 Ni - 100 C . log t = -3.93 + 0.3?R Cr* 0.365g .

,

; TABLE 2. Calculated Sensitization Times and Factors of Inprovement for'.
Several Types 304 and 316 Stainless- Steels*

. Time to- Factor of Inprovement'

;
.

-Composition, wt% Sensitize High- Standard
Alloy C Cr Ni Mo Cr.*, % (t ), h ' Carbon _ Carbons

304 0.08 =18.5 8.5 0.2 9.12 0.10' 1 0 .1 --

304. 0.05 18.5 8.5. 0.2 12.12 .0.96 10' 1.

304L 0.035 .18.5 8.5, 0.2 13.62 2.94 29- 13

.
304NG 0.02.- 18.5 8.5 0.2 15.12 9.04. 90. 9

f

316 0.08 17.0- 12.5 2.2' 10.02' O.20 -2 0.2
316 0.05 17.0 .12.5 2.2 13.02 1.88 19 2

316L' O.035 17.0 12.5 2.2 14.52' 5.77 58: 16'-
'

316NG ~0.02 17.0 12.5 2.2 16.02 17.73. 177- 9

| 1
'

(
'-

.

:
i 4
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DIFFUSIVITIES

TEMPERATURE (t) '
STRAIN (a)

INPUT INFORMATION EFFECTIVE Cr

ALLOY COMPOSITION DIFFUSIVITY

ALLOY CON 0lTION
INITIAL DOS Cr DEPLETION
PRIOR WORK WIDTH

TM HISTORY
T/t HISTORY MINIMUM Cr |

"
STRAIN HISTORY AT INTERFACE

DEGREE OF
SENSITIZATION

THERMODYNAMIC PARAMETERS | |.
ACTIVITY COEFFICIENTS

COWOSITE Cr
SUS PT ILITYC SOLUBILITY

EQUILIBRIUM CONSTANT
CAR 8IDE CONCENTRAT;ON -

FIGURE 3. Methodology for Prediction of the Degree of Sensitization and
IGSCC Susceptibility as a Function of Material Composition
and Thermomechanical Treatment
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STEAM GENERATOR TUBE VIBRATION TESTS

Walter I. Enderlin

Pacific Northwest Laboratory
.

RESEARCH OBJECTIVES

The objectives of this research are 1) to investigate the effects of increased
tube / tube-support clearances on rate of tube wear caused by flowinduced
vibration in pressurized water reactor steam generators and 2) to provide the
U.S. Nuclear Regulatory Commission with criteria to evaluate licensees'
specific proposals for chemical cleaning of steam generators. '

RELATED SAFETY ISSUE

The overall safety issue related to the objectives of this research is the
potential for an increased level of flow-induced vibrations in chemically
cleaned steam generators that could lead to high tube wear rates and
unacceptable levels of tube failure. The buildup of corrosion products in the
steam generators of some pressurized water reactors (PWRs) has led their
owners to propose chemical cleaning to remove'these corrosion products. The
removal of corrosion products includes removal of the magnetite that has
formed in the clearances between the Inconel tubes of the steam generator and
the carbon steel support plates. In some cases, the volume of magnetite
formed by the corrosion of the carbon steel has been sufficient to cause
" denting". or reduction of the outer diameter of the tubes where they pass
through the support plates. In these cases, the chemical removal of this
magnetite would result in enlarged clearances between the dented tube and the
support plates.
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RELATED RESEARCH BY OTHERS

Research has been performed in both the U.S. and Canada on vibration and wear
of PWR steam generator tubes. However, most of the work performed in the U.S.
is currently classified as proprietary by its sponsors and is unavailable for
general use.

In Canada, P. L. Ko and co-workers have been investigating wear in CANDU steam

. generators for over 10 years and have published several significant articles
on this subject (Ko, Tromp, and Weckwerth,1982; Ko,1973; and Ko,1979).
Their activities have included experimental studies to determine the fretting
wear mechanisms involved, development of analytical techniques to predict
impact forces at the tube supports, and the correlation of tube wear and tube
motion parameters. Their studies have included the development of a
bench-scale tube fretting apparatus in which they have extensively studied the
effects of various tube-support plate parameters on tube wear. .Ko et al'

.
'

found that high wear was not caused by the high-force components such as

impact motion that have low probability of occurrence. . Instead, the high
probability intermediate-range force components (usually combined impact and
rubbing motions) were the primary sources of high wear. The amount of wear

"

was observed to increase exponentially with excitation frequency and to
increase approximately linearly with diametral clearance and excitation

amplitude. However, the data to substantiate the latter were extremely<

limited. Moreover, this work was not predicated on tube motions and tube

support impact forces that were experienced within an actual- reactor operating
environment. Rather, a computer code (VIBEC) was developed to simulate the -

motion of a cantilevered beam impacting against supports with clearance, and
to predict the midspan displacements and the support impact' forces. The
difference between the experimental. and analytical results using this code was
found to be greater for those tubes tested in the presence of water than for
those tested in air. This computer code considers-only tube motion in air.

. The fluid damping effect in the tube / support clearance space and the_ film

effect of the water at the contact surface had not been included in the VIBEC-
,

simulation at the time of this work (Ko and Rogers,1979).

.
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TECHNICAL APPROACH

.The.overall technical approach taken by Pacific Northwest Laboratory (PNL) for
this investigation consists of, two phases. The first phase is concerned with
conducting flow tests designed to conservatively characterize the flow induced
vibrations that could occur in a steam generator with clearances representing
various conditions following chemical cleaning.

The second phase is devoted to conservatively determining the potential wear
-

rates possible based on the tube vibrations characterized-in the flow tests

for each of the clearance conditions considered. Figure 1 shows the layout of
the tube support plate and tube section being considered in this
investigation. For the flow tests to be performed in the first phase, sets of
tube support plates will be supplied with 10 , 20- and 50-mil oversized holes
to simulate a range of possible clearances. The wear tests in the second
phase will be accelerated by increasing the frequency of tube vibration over
that experienced in the flow tests. All other test parameters for the wear

-

tests will be matched to those experienced in the flow tests. Both the flow
tests and the accelerated wear tests will be performed at elevated temperature
and pressure (400 F and 550 psia).

TUBE

r.

-

s -

CIRCULATION
HOLE,

,-
.

.

,
.. A,

i

..

FIGURE 1. Tube Support Section
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In -the first phase,' a full-length scale model of the steam generator (Figure
2) will be built using prototype materials to accommodate the flow tests.
This model will be designed such that both the crossflow and axial flow

.

velocities can be regulated independently. The model will be a small section
of a prototype tube bundle, necessitating the presence of nontypical flow I

housing walls. A ring of noninstrumented tubes will be provided around the
tubes receiving specific study to " insulate" these tubes from the housing

~

walls. The tube support plate at the tubes receiving specific study will be
instrumented so as to determine the pattern of tube motion (displacement),
frequency of tube vibration, and the resultant tube contact force. The

, contact force will be measured using a force ring supported by four miniature
piezoelectric force transducers located at 90 intervals. Two inductive cype
displacement transducers will be mounted orthogonally at the support pl&te to
monitor tube displacement.

Data from the force and displacement measurements will be acqui;ed and stored
by a digital data acquisition system. The system will preserve the data on

j magnetic tape for later processing, and will contain standard interfaces for
accessing a variety of large data processors-that will be used to analyze the
data. A Fast Fourier Transform (FFT) analyzer will be used to generate,

frequency spectra.

The minimum size. bundle that will be tested will be about four tubes by four
tubes. Because the flow test will be performed at a temperature and pressure

i somewhat lower than those of a prototype, the water flow rates in the model
will be increased about 16% to obtain equality of Reynolds numbers. The flow
loop containing the model of the steam generator. is diagramed in Figure 3.

In .the second phase, .a test apparatus will be fabricated to accomodate the,

:

accelerated wear tests at elevated temperature and pressure with water present
at the tube / tube support contact surface. As shown in Figure 4, Inconel 600
tube specimen is held at une end by a universal joint mounted at the base of
the main frame. The tube .is prevented from rotating about its major axis. A
tube support' plate constructed from prototype material is mounted at the top
of the. main frame. The tube-support plate contains one round hole in the
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FIGURE 2. Test Assembly for Steam Generator Tests

center which is of sufficient dimension to provide the tube / tube-support plate
clearan'e specified for a particular test. Vibration is imparted to the tube ~c

-

by an air-operated vibrator mounted on the top end of _ the tube. -The vibrator
can be adjusted to . impart the type of tube motion, frequency, and contact

force that was experienced in the. flow loop. The test apparatus, including !
4

the tube specimen, support plate, and air-operated vibrator,' will be contained !-

inside an autoclave. i
i

l
.

|
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FIGURE 3. Flow Loop Diagram

The instrumentation scheme for the tube-support plate will be the same as for
the support plate in the flow loop. Tube wear will be accelerated by
conducting the wear tests at a vibration frequency greater than that
experienced in the flow loop. The other test parameters will be matched to
those experienced in the flow loop. Each test specimen will be subjected to
an accelerated wear test equivalent to 1000 hours of reactor ope rtion, based
on the frequency of tube vibration experienced in the flow loop. The tube
will be-removed from the wear test apparatus after each 6.3 million cycles and
the diameter of the tube at the contact surface will be measured.

Tube wear will be detennined by using an optical noncontact gauging apparatus
to measure the tube diameter after a given number of tube cycles. The major
components of the optical-gauging station are illustrated in Figure 5. The

tube sample is illuminated by a filament source that has been approximately
collimated using two lenses. Two imaging lenses are used to produce a shadow
image of the tube sample that is magnified four times. Because the magnified
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image is greater than the 0.95-inch active area of the linear diode array,
two diode arrays are used to detect the two edges of the tube shadow image.
Because of the physical size of the printed circuit boards on which the diode
array is mounted, a beamsplitter is used to produce two separate tube image

4

planes. One of the image optical paths contains a neutral density filter to
balance the image intensities so that both linear diode arrays operate at 80%

.

to 90% of saturation. The system is set up so that the shadow edge (light to
_
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dark transition) is at the midpoint of each array. The tube diameter is
i - calculated by subtracting the sum of the illuminated diodes on both diode-

arrays from the total number of diodes possible. With a magnification of 4x,
t - the system is accurate to 0.000069 inch.

The data will be analyzed to estimate the projected wear over the remaining
lifetime of the reference steam generator design. Furthermore,
recommendations will be developed regarding the advisability of chemical
cleaning under these potential wear conditions.

PROJECT STATUS

4

The test plan and facility design are completed. The project-is currently in
the procurement and fabrication phase. Testing is scheduled to commence in
January 1985. The project is currently. scheduled for completion by the end of
September .1985.
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SURRY STEAM GENERATOR PROGRAM AND BASELINE EDDY CURRENT EXAMINATION

Robert A. Clark and Pamela G. Doctor

Pacific Northwest Laboratory
Richland, Washington

INTRODUCTION

The Steam Generator Group Project was-initiated in January 1982 with formation
- of a consortium including NRC, EPRI, Japanese, French, and Italian partici-

pants. The' project utilizes a retired-from-service nuclear steam - generator
established in a specially ~ designed facility which houses the unit in its
normal vertical operating position. The project has multiple objectives dur-
ing its expected five year duration. The most important objectives deal with
validation of nondestructive examination (NDE) techniques used to characterize
steam generators during service. This research generator offers the . first
opportunity to ' characterize a statistically significant number of service-
induced defects nondestructively followed by destructive metallographic con-
firmation. The project will . seek to establish the reliability of defect
detection and the accuracy of sizing defects via current state-of-the-art NDE.
Other service degraded tubes will be burst tested to establish remaining ser-
vice integrity. The integrity information and NDE reliability results will-

serve as inputs to establish a model for steam generator in-service inspec-
tions, and provide a data base for evaluation of tube plugging criteria. In
addition to NDE validation goals, the project will use the service . degraded
generator as a specimen for demonstration / proof testing of repair and main-
tenance techniques, including chemical cleaning / decontamination technologies.

Preparation of the steam generator for research included previously reported
tasks to chemically-decontaminate the channel head and remove the explosively
placed plugs in service defected tubes. This year the program completed post-,

service eddy current inspections of all accessible tubes. Two widely used
'

technologies were employed in the post-service baseline examinations, Zetec
MIZ 12 multifrequency eddy current and Intercontrole IC3FA multifrequency eddy
current. The use of these two technologies represents how the majority of in-
service inspections are conducted world wide. We were not attempting a com-
parison of. the technologies, rather seeking a consensus on the total- defect
status in the research generator. The two baseline eddy current examinations
did not provide total agreement as to the steam generator's overall condition,
largely a result of analytical interpretation divergence on eddy current indi-
cations. These differences and our attempts at resolving their sources will
be discussed.

The baseline eddy ~ current results were subsequently used, along with other,

| information available about the steam generator from secondary side inspec-
tions, from historical operating data, from visual inspections and -from
operations like the tube unplugging (which established that certain tubes

| contained primary or secondary side water), to establish a subset of tubes for-

I

:
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more detailed examination. These tubes were first subject to extensive eddy
current round robin testino. They are currently being characterized by
advanced NDE techniques,_ utilizing eddy currents and alternate methods.
Following this the tubes will be removed in whole or in part for destructive |
confirmatory testing. This will include destructive metallographic sectioning
as well as burst testing of selected tubes to establish remaining integrity.
Details on the. post-service eddy current baseline examination results, the
choice of a round robin Cubset of tubes, and preliminary results for the data
acquisition eddy current round robin will be presented in this paper.

In addition to the efforts associated with NDE examinations, a multitude of
other project tasks have ~been continuing during FY84. Examination and charac-
terization of the steam generator from the secondary side has continued. A-
large number of additional shell penetrations have enabled access throughout
the secondary side for. photographic documentation. Sludge samples have been
analyzed. Initial tooling has been developed for removing tubing and support
plate samples. Several inner row U-bend sections have been removed from the
generator to begin characterization of the strains in the sections and the
resulting defects in the tubing. A subcontractor has been acquired who, along
with Battelle Pacific Northwest Laboratory (PNL) staff, is developing a tech-
nique to remove sections from the 21" thick tube sheet. The health physics
task has completed a systematic radiological scan through the tubes, to estab-
lish how the generator's radioactive inventory is distributed and determine if
this scanning techniqua can aid _in nondestructive characterization of the
unit. The results of taese efforts will be presented in the following pages.

ACCOMPLISHMENTS IN FY84

Health Physics

An experiment was conducted to _ determine the benefits and/or necessity of
multiple dosimetry of channel head workers. This was conducted by monitoring
several staff during phases of the tube unplugging operation conducted on the
Surry generator. The exposures to the multiple TLD's worn by the PNL per-
sonnel working in the channel head during the unplugging operations are given
in Table 1. The ratios of the exposures to the TLD's on the various locations
on the body to the exposure to the TLD on the front torso were calculated'(see
Table 2). As expected, the head receives the highest exposure. The ratios of
the exposures at the different body locations to the exposure to the front
torso seem to fall within a well defined range. These results are similar to
ratios published by INP0 (1982) for steam generator workers at the San Onofre
plant (see Table 3).

The general _ conclusions which can be drawn. from this and other data is that
the exposure to the lens of the eye is almost always -the limiting exposure.
Calculations show that the extremities can never be limiting in channel head.

work if the radionuclide inventory is uniformly distributed and adequate pro-
tection against beta radiation is provided. Under these conditions, the max-
imum calculated difference between an extremity exposure and a whole body
exposure is approximately five to one. Since extremities can receive 75 rem a
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. year while the whole body can receive _ only 5 rem a year, the extremities obvi- 1

ously will not be. limiting. For most channel head work, a badge on the front l
- torso and a badge at eye level should satisfy the Code of -Federal Regulation's,

(10 CFR 20) criteria of " adequate" dosimetry. The highest reading from the
..i two badges is the dose to the worker.

TABLE 1. Individual' Exposure Rates for Torso and Extremities .

During L'nplugging Operations (mR/hr) ;

Front Back Right Left Right
Worker Head Torso Torso Wrist Wrist Ankle*

1-A 27 24' 20 28 26 30
1-B 48 33' 29 41 43 --

1-C 56 35 40 42 49 31
1-D 29 21 20 25 25 22
2-A 94 51 50 62 66 51
2-B 116 66 60 72 86 60
2-C 46 31 28 31- 44 28
2-D 117 63 54 66 89 42

TABLE 2. Ratios of Exposure for Various Regions of the Body
During Surry Steam Generator Project

Front Back Right Left Right Left
Worker Head Torso ~ Torse- Wrist Wrist Ankle Ankle

After First Cycle of Decontamination
W-1 1.93 1.00 1.28 1.61 1.21 --- ---e

W-2 1.68' 1.00 1.10. 1.22 1.23 0.72 0.73
' W-3 1.51 1.00 1.27 1.30 1.03 0.81 0.76
: Yean T7T --- T'TZ M T TE M M
'

Standard
Deviation 0.21 ~ 0.10' O.21 0.11 --- ---- - -

After Completion of. Decontamination
1-A 1.13 1.00 0.83 1.17 1.08 1.25 ---

1-B 1.45. 1.00 0.88 1.24 1.30 --- ---

1-C 1.60 1.00 1.14 1.20 1.40 0.89 ---

1-0 1.38 1.00- 0.95 1.19 1.19 1.05 ---

2-A 1.84 1.00 0.98 1.22 1.29 1.00 ---

2-B -1.76 1.00 0.91 1.09 1.30 0.90 ---
'

2-C 1.48 '1.00 0.90 ~ 1.00 1.42 0.90-
---

2-D -- 1. 86 1.00 0.86 1.05 1.41 ~0.67 ---

Mean T 56 M T IT M U 9T .------

Standard
Deviation 0.25- --- 0.10 0.14 0.12 0.18 ---

,
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TABLE 3. San Onofre Exposure Ratios for Various Regions of the

Body (from film badge results) (from INP01982, p.4)

Average Range

Steam Generator Workers-
Top of Head-to-Chest 1.65- 1.32 - 21.5

. Average Head-to-Chest 1.36 1.09 - 1.65
Eyes-to-Chest- 1.35 1.06 - 1.68
Hands-to-Chest 1.28 0.26 - 1.78

. Upper Back-to-Chest 1.02 0.70 - 1.56
Lower Back-to-Chest 0.83 0.49 - 1.24
Gonads-to-Chest 0.83 0.23 - 1.07

' Ankles-to-Chest 0.80 0.43 - 1.03
Platfonn Workers

Top of Head-to-Chest 0.99 0.69 - 1.56
Gonads-to-Chest 0.93 0.48 - 1.50

The other experimental activity cor. ducted under this task in FY84 was a
through tube radiological mapping. This was conducted using a single crystal
CdTe detector mounted into a probe with a signal preamplifier. The 9/16" 0.D.
probe was capable of being inserted through the steam generator tubes using a
standard eddy current pusher-puller. Figure 1 shows the typical result. The
technique was readily capable of determining radioactivity distribution
throughout the generator. General observations were:

1) The highest field occurs in the center of each hemisphere.

2) Count rates around the nuter radius are about 50 percent of the center.
;

3) The field intensity drops approximately 15 percent adjacent to the
*

divider plate between the hot leg and cold leg side.

4) The relative intensity rises along the flow path as it goes up the hot i
leg side and makes the U turn and comes back down until it reaches a j
maximum at the region between support plates 4 and 5 and then slowly |
decreases down the remainder of the cold leg side.

5) The relative intensities are consistently higher in the manway quadrant.

However, .it was determined that defects in individual tubes cannot be located-
with the CdTe detector due to the overwhelming contribution ' from surrounding
tubes and statistical variations. Pusher-puller speeds down to 40.3cm a
second were used in attempts to utilize radiation field measurements to deter-
mine steam generator support structure and/or tube damage.
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FIGURE 1. Through Tube Radiological y Scan

Secondary Side Characterization

Secondary side examinations were extended to reach throughout the steam gen-
erator during the past year. In order to access all areas, a number of addi-
tional shell penetrations were made. The most economic method in terms of

,
time, radiation exposure and costs utilized a Rotabroach to drill through the

i shell. Utilizing a magnetic based drill, a 2-1" diameter hole could typically -

be placed in less than two hours. Larger openings ~ were made utilizing a
series of overlapping drilled holes. Figure 2 shows an example. Penetration
locations were in part determined by the eddy current-baseline results, where
it was determined that secondary side examinations'might assist in resolving
discrepancies 'or in providing additional information. Figure 3 shows a loose
part found at the tube sheet, apparently a piece of wire. Figure 4 provides
an example.of a piece of- support plate, again at the . top of the tube sheet.
Figure 5 shows what we believe to_be wastage damage, located just at the top
of the current sludge pile. - -Sludge samples have been ' taken for analysis,
results are summarized in Table 4. .These results are from the upper layer of
sludge. The generator appears to have two distinct sludge layers,. a lower
cementitious layer, and an upper granular layer. We have not yet succeeded in
removing samples of the lower layer.

264



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

1

I

|

| |
|

~' yp~. Q Q *T

2j\
p q h ,;; ?,";

_'" gr.

i

I

i

'*^ *
'

;
.

:,

, * u {,," ^$|$?
'

:3'
- ~ (';[e e%A|

,
.. _

' ' f; i d'
| FIGURE 2. Rotabroach Drill Hole Shell Penetrations

t
. 5

f$;

. ,

..

, .

'

+

|

FIGURE 3. Place of Wire Located in Stearn Generator

mpm- .y
:y s :m;
|

.. , , . ,
|

,

.< ; ,

k

V

f
'

.-

|

ROURE 4. Support Mete Section. Loose Port

265

|
'

_ _ _ . . .- . _ . . - , _ _ _ . . . . _ . _ - . . _ _ _ _ , . . _ . _ . _ _ _ . _ , . . . _ _..__.._. ,_._ __ _._...._.-.._ _ _...______.__ ___ ._ _ ___ _ _ .



i

|

I
|

l

XRF Semiquantitative Elemental Sludge Composition
(wt.%)

Surry 2A

Element Cold Lea _ Hot Lea Indian Point
Fe 37 - 50 .- 44 49 - 52
Cu 20 - 28 20 10.5 - 13
Ni 1.1 - 1.4 1.3 ' O.6 - 0.74
Zn 2 - 2.5 2.5 1.6 - 1.7
Cr 0.15 - 0.16- 0.18 0.08 - 0.22
Ca + Mg 0.1 - 0.2 0.14 0.08
Cl 0.1 - 0.4 0.28 <0.01
P 0.7 - 0.8 ~ 0.43 0.02 - 0.06
Al~ 1.2 - 1.4 2.1 0.5 - 1.5
S 0.1 - 0.15 0.2 0.02 - 0 06
Ti 0.06 - 0.07 0.05 0.07 - 0.19,

Si 1-2 1 1.5 - 1.9
Mn 0.23 - 0.27 0.26 0.34
C 0.28 0.21 1.5 - 2.5
Sn <1 <1 0.01 - 0.03
Ag <0.1 <0.1 -

8
Conductivity of Surry Sludge: Dry - 2 Megohm

Wet with D.I. Water 80.000 ohm

TABLE 4.

Generator Specimen Removals

Tooling has been designed and fabricated to allow semi-remote sectioning of
the generator. Initial ~ efforts utilize a cut-off wheel- that is powered by a
remote motor through a flexible shaft. . The cutting head is manipulated from
an arm that allows the operator to stand away from the generator shell opening,

(Figure 6). Initial cuts removed a number of U-bends from the inner two rows,'

with cuts made just above- the uppermost tube support ' plate (TSP). The amount
of elastic deformation in the U-bends was determined by measuring the spread
'of the U-bend legs before and after severing. The amount-of remaining plastic!

deformation was often considerable, as pictured in Figure 7. Here the U-bend
on the left was taken from a flow slot region, while the one on the right wa_s -
from a hard spot. Figure 8 shows cracking damage that has been observed in

| the U-bends. A current effort is working on establishing a technique for
removing a section out of the 21" thick- tube sheet. Two methods are under-

study. One uses the metal disintegration machining technique (MDM) and the
ott.?r is exploring drilling out the ligaments between adjacent tube holes.
Figure. 9 ' illustrates the locations of the first two intended tube sheet sec-
tions. iha section toward the center of.the bundle is to explore conditions
where typically the worst corrosion damage in the tube sheet occurs, and where
an indication of intergranular~ attack (IGA) in'the tube sheet. crevice has been
identified during one of' cur eddy current examinations. The second section,
near the -tube lane,' is: intended to remove ~a leaking' plug intact to examine
degradation of the- plug.
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BASELINE EDDY' CURRENT INSPECTIONS

The purpose of the post-service baseline eddy current : examinations of the
generator was to. determine as well as possible. the condition of the generator.4

The information :on: extent' and location of ' defects was subsequently used for
selection of.a ~ subset of- tubes for more detailed examination..and :round robininspections. Two separate baseline inspections of: the generator were con-

s ducted using two commercially-available. multi-frequency ' eddy current inspec-
tion systems, the Zetec MIZ-12 and the Intercontrole IC3FA. The two companies

'

;use similar technologies; however, their equipment designs and data 1 analysis
. procedures differ. .Zetec and-Intercontrole equipment are used for the_ major-
ity of.in-service inspections of steam generators world wide. The reason:for

|~ ;using the- two inspection systems on the Surry steam generator was not to com-
pare them, but to provide a' consensus on the condition of. the generator.,

:

! Field-experience'd teams | from Zetec and -Intercontrole performed "the inspec-'

tions. . The? teams were asked to perform the inspections ;in accordance with.
ASME code requirements, although it .was known to the ~analy'sts' that we wanted3

| 'to characterize the condition of the generator as~ accurately as:possible. The
' test procedures for the inspection of-this generator differed between the two
| teams. Zetec used two frequencies,in a total of four modes. They were:

400 KHz' differential mode, normal gain3 e

400 KHz differential mode, reduced gain: e
| e 100 KHz. differential mode

e 100 KHz absolute mode
i
f The frequencies and modes used by Intercontrole were:
,

e 500 KHz differential mode
e 240 KHz differential mode
e 100 KHz differential mode"

[ e 100 KHz absolute mode
, '

The sizes of' probes used by the two teams also varied;. Zetec used .720",,

.700", .650", and .610" probes, while Intercontrole used ' .710"., 690", and
'

,
.

! .670" probes.

3' Zetec usually records :the ' inspection data fon ~ analog tape; however, since an.
. archived database of the -baseline inspection of. the tunit was desirable L for
' further . analyses ~after destructive assay and computerized data processing is
necessary, the Zetec inspection data was also digitized during acquisition. A.-,

detailed.-description - of the computer data acquisition system that twas devel-
'

oped by the project ~ to collect the data is given -in Doctor et. .'al. (1983).
. The Intercontrole inspection data is customarily ' recorded riigitally; .it was
: - also recorded on analog tape for back-up purposes.

|

Each team provided the results of their analysis of the inspection data:in
their normal reporting format. Zetec 'uses a Hewlett-Packard 9836 to perform.

#

: the data analysis and the results for the inspection of4 each tube were stored
on that computer's' storage medium. Intercontrole typed their final! report on,

[ a personal computer,sso the inspection results were available.also on computer
medium. .The inspection data of each team was transferred from the storage
media directly to. the data analysis computer, which is- a Digital Equipment.

. Corporation VAX 11/780, thereby avoiding any trar,scription errors.
'-
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Since ~it is not our intent to compare the two inspection systems, the teams
will be referred to hereafter as Teams A and B.

Of the 3388 tubes in the generator, 3130 tubes were theoretically accessible j
for inspection after the unplugging. The databases generated by the two base- )line inspections were rather large. Team A conducted over 9000 inspections of'

1

3125 - tubes, while Team B inspected 2783 tubes with 3392 separate physical 1

inspections. There was quite a: bit of preprocessing that had to be done on '

each of the data . files before they could be statistically analyzed, parti-
cularly for.the Team A database.

The ASME code requires that all indications of wall-loss greater than 20% be
reported; however, the inspection teams were asked to report all wall-loss
indications regardless of size. In additin to the required reporting-items,

'

each team reported conditions existing in the unit but not required by the
inspection code. Examples of these conditions are denting of tubes, both at
the support plates and between support plates, bulges . in the tubes, perme-
ability variations, conductive deposits and loose parts.

The types of wall-loss indications that were reported were 0.D., most of which
are assumed to be wastage because of their location, and I.D., which are
assumed to be cracks. There are two aspects to the analysis of' eddy current
inspections, the detection of a possible defect and its sizing.

There were a total of 779 indications reported by Team A and 1059 by Team B.
Table 5 gives the reference locations of the indications.for both teams.

TABLE 5. Locations of Wall-Loss Indications from the Baseline Inspections
,

Reference Location Numbers of Indications
Hot Leg Team A Team B

l.
Tube End I
Tube She 3 Gap 1

! Unspecified Tube Sheet 2
; Top of Tube Sheet 713 731
| ~ Support Plate 1 3 5
i Support Plate 2 3

Support Plate 3 2 3
Support Plate 4 1

Support Plate 5 1 9
Support Plate 6 20
Support Plate 7 11 115

U-bend 22
Cold Leg

Unspecified Tube Sheet 4
Top of Tube Sheet 22 113
Support Plate 1 1 6
Support Plate 2 2
Support Plate 3 2 1

Support Plate 4 2 3'
Support Plate 5 1

Support Plate 6 1 20
Support Plate 7 20 10
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The reference. locations are positions in the tube sheet (tube end, tube roll
transition, gap or crevice region and the top of tube sheet), the seven sup-

,

port plates and the U-bend region. Both teams found most of their indications |

at the top of the tube sheet on the hot leg where tube wastage was expected.
Team B called more indications for all locations, except the cold leg seventh
support plate, than did Team A. The distribution of the sizes of indications
differed between the two teams. Histograms of the sizes of indications called
by Teams A and B are.given in Figures 10 and 11, respectively. The 12 indica-
tions labelled as -indeterminate in Figure 10 are ones for which there was a
lack of agreement (greater than 10%) of the size from separate inspections by
the same team of the same tube. The 100% through-wall indications reported by
Taam A were caused by drill marks during unplugging and were not reported by
Team B. The two histograms appear different, most noticeably because of the
451 indications called by Team 8 that were less than 10% of wall thickness.
However, if the <10% indications are ignored, there are still differences in
the histograms. The mode-(largest number of indications) for Team A is in the
range of 20-30% wall loss, whereas it is in the range of 40-50% for Team B.

PERCENTAGE NUMBER OF
SIZE OBSERVATIONS

INDETERMINANT 12 ***

0% <= x < 10% 54 ***********

10% <= x < 20% 130 **************************

?0% <= x < 30% 196 ****************************************

30% <= x < 40% 151 *******************************

40% <= x < 50% 127 **************************

50% <= x < 60% 45 *********

60% <= x < 70% 32 *******

70% <= x < 80% 14 ***

80% <= x < 90% 3 *

90% <= x < 100% 9 **

x = 100% 6 **

EACH * DEN 0TES 5 OBSERVATIONS

FIGURE 10. Histogram Showing Percentage Size
of Defects Found by Team A-
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PERCENTAGE NUMBER OF
$IZE OBSERVATIONS l

0% <= x < 10% 451 """**"**"""""""""**"****"*"*"

10% <= x < 20% 70 *"""

20% <= x < 30% 86 "*******

30% <= u < 40% 113 ""*"""*

40% <= x < $01 145 "**"""**"*

50% <= x < 60% 99 """""

60% <= r < 70% 52 **""

70% <* x < 80% -30 ***

80% <= x < 901 12 "

90% <= x < 100% 1 *

EACH * REPRESENTS 10 OBSERVATIONS

[b No ec s

Matching the indications between the two teams to determine if they were re-
porting the same physical anomaly required an extensive data analysis effort.
Due to differences in the analysis processes of the two _ teams, one team could
locate indications more precisely than the other, so for indications not at
the top of the tube sheet, the range of reported locations that were consi-
dered to be caused by the'same anomaly was 5 inches. At the top of the tube
sheet, the 5-inch range was disregarded because of the apparent length of-
wastage . defects and the the fact -that the . teams reported the locations of
these indications differently. Team A reported the location of the largest
signal, while Team B referenced their location only as the top of tube sheet.
The only reference _ locations where the two teams detected common indications
were the top of the tube sheet on the hot and cold legs, the first support
plate on the cold leg, and the seventh support plate on the hot leg. Detec-
tion tables for each of these four reference locations are given in Figures
12-15, respectively.. The upper left hand cell contains the number of indica-

i tions called by both Team A and Team B. The upper right hand cell shows the-
i number of indications Team A called that Team B did not. The lower left hand
i cell contains the number of indications that Team A did not call that Team'B

did call. The lower right hand cell should contain the number of non
indications called by both teams. To estimate this cell, each inspected tube
would have to be divided into segments of some length and the number of seg-
ments without indications by both teams tabulated. This count would be very
large and would produce misleading conclusions for any statistical techniques
applied to these tables. Beneath the table is a count of the number of indi-
cations to which each team did not give a specific location._ Any indications
that fall into this category were not included in the above cell counts. The
construction of these tables for the top of the tube sheet posed a problem.
There were 87 tubes where one team called more than one indication along the
tube and the other team called one or more indications at the top of the tube

272



. _ . .

<L.

|

,

team R team 4

-D hD D- @

........... ...... *""--"-"--~~+

e * e
a- . * a
= ' t 0 m 11 1:

.A 1 r A,

.r
. . . . . . . . . . .

ND ' ND
s

4 : IP?
e

' ?

,3-

} < ?

- .....

humber of Team 8 detections without spectf fc location' r i Nurhee of Team P detections althout specific locattens: 0s

. humeer of Team A detections without specific locations: 0 humber of Team A vetections without specific locations 0

Fl%DE 17. Comparison of Detectiens for Team A and FINDF ' l ?. Comparisen of Detections for Tese A and team B
Team 8 at Cold leg Support Plate One at Cold Leg Top of Tube Sheet / Tube sheet Edge

.

I

4

i

1

fees B Team B ~

D ND D . P.T '

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

t D T C
e e.
a e -I
e 3 8 e (55 128

P

A A :

4

... ...... ......e............
hD t @

t
t *

IM 137+

t

I .!
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e e U t # Of Team $ @tWitMs tit >Mt sPc * r inations: 0.

- Number of Teer A cetections ut*Pauf specific locatines: 0 hurbee of Team A detectices without specific terations: 0

Fl%#f 14 fre,artson cf Detections f or Team A aed F fCUof 15, Copperisce rf DetectioM fee Team A and team 8
Team P at Hot leg tupport Plate teven at Het leg Inp e' fube Sheet /IWhe Sh*e' Iftg*

I

273

__--__ _ _



__ --

P

.

t

"

it

.

'

o

sheet. With no 'way to identify specific locations, it was impossible to
create a one-to-one : matching between these indications. The numbers in the
upper left hand cell'of'the detection table contain all possible combinations-
of- these -indications and, |therefore, are inflated. Figure 12 shows that for
the hot leg top of.' the ttiba sheet, 655 -or 71% 'of the total number of 920 in-

1 dications found . by , the two te_ams ' are common detections. Although . Team .B
tended to call more.indicattons, the percentage of each team's calls that-are

- common' calls are similar --14% for Team A and 83% for Team B. The pattern is
different for the' cold leg top of.the_ tube sheet-(Figure 13). Only 9% of.the

'124 total reported indications'were common calls. Because Team B' called over '

: 5 times as many . indications the percentage of each team's calls that were'i

common. calls differed: 50% of Team A's calls compared to 11% for Team B. .

Figure 16 shows the differences in estimated sizes between the matched indica-
tions a'nywhere in' the generator. The horizontal axis of the histogram repre-
sents- the difference in size (Team B - Team A), with the number representing
the middle of the interval. For example, the cell corresponding to 0.0 repre--
sents' differences in the interval -2.0 to 2.0. Differencessless than 0.0 cor-
respond to indications that Team A found to be larger than Team B, and for
differences _>0.0, the situation is reversed. The shift in the histogram _away
from a mean.of zero shows that Team B. consistently sized indications larger

~

than did Team A. .The mean of the differences is 5.27%, with a standard devia-
tion of 15.47.

. ..

In preparing - this histogram, in cases where one team called more than one
indication, and the other team called only one indication, a ; mismatch?was
calculated for'each possible pair of indications. However, when . both ' teams
called more than one indication at the same location, the sizes were matched
by hand to minimize the size difference. -Because this was done, the number of
points on the histogram will not match the sum of the elements in the detec-,

tion figures. In the cases where a team sized an indication as <10%, the size
of the indication was called 10%.

After the analyses were completed, there were a sizeable number of'discre- ,

pancies in the number.. and locations of indications, and in .the sizes of
indications that both teams did detect. In order to resolve these discre-
pancies, each team was asked to re-examine its results in light of the other
team's findings. Because of time constraints. - the teams were not able to re-
exemine all'of the' discrepancies, so they were asked to' review only the tubes
where there was a difference in detection of indications that were 20% -or
larger. There were' a total of 160 -inspections ' that 'were to be reanalyzed.'
Thirty-seven of these were -actual agreements' in ' detection between the two.
teams that'had been missed because of the project's data analysis procedures.
Only 9 inspections. resulted in changes from the' original baseline results.'

,

[ These changes consisted of the finding of indications that had been previously
; missed ~ and the re-locating and the .re-sizing of indications. ' Aloof these
| changes are reflected in the tables and figures-presented' earlier.

,

'

!

P
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PERCENTAGE -NUMBER OF
-DIFFERENCE OBSERVATIONS

IN SIZE
(Number
represents
the Middle
of the
-Interval)-

Team A > -60. 1 - *

Team B -56. 0
-52.- 1

*

-48. 0
-44. 1 *

-40. 2 *

-36. 2 *

-32. 2 *

-28. 6 ***

-24. 4 **

-20. '8 ****

-16. 21 ***********

-12. 24 ************

-8. 36 ******************

-4. 55 ****************************

0. 82 *****************************************

4. 90 *********************************************

8. 97 *************************************************

12. 63 ****************"***************

16. 41 *********************

20. 18 *********

24. 16 ********

28. 19 **********

32. 9 *****

36. 10 *****

40. 12 ******

44. 3 **

48, 3 **

52. 1 *

56. 1 *

60. 3 **

Team B > 64. O

Team A 68. 1 *

EACH * REPRESENTS 2 OBSERVATIONS

FIGURE 16. -Histogram Showing the Difference in Size
of Indications Called by Both Team A and
Team B
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Although the re-analysis of the data re<ulted in no more than a 25% decrease'

in the number of discrepancies in detection, the reasons for the differences
between the teams became evident. In all -but 11 of the inspections, both
teams saw a signal in their data, but differed on its cause. For example, one

-team called a 45% wall-loss indication, but the other team thought the signal
was due to a copper deposit. The differences in the results appear to be more
a function of the analysts' interpretation of complex eddy current signals
than to any other cause, and the teams' analysts have basically agreed to dis-
agree in their interpretations of the signals.

The status of the results of the two baseline examinations can best be sum-
marized in Table 6. The wall-loss indications for each team are divided into
3 size classes: >40%, 20-40%, and <20%. Within each of the size classes, the
indications were further classified according to the level of agreement be-
tween the two teams. The class that represents the best agreement between the
teams is the one in which both teams called an indication at the same loca-
tion, and the size difference was within 10%.' The next level of agreement is
for matched indications where the sizes differ by more than 10%. The third
class is the one in which each team saw a signal, but one called it a report-
able indication while the other did not. The fourth class consists of the,

i indications for which the other - team did not see a signal at the reported
location.

TABLE 6. Summary of the Wall-Loss Indications
of the Baseline Inspections

Two Detections Two Detections Disagree
Size Difference Size Difference on Type of Disagree

< 10% > 10% Detection on Signal

Team A Size > 40% 132 73 14 7

TeamBSize][40% 160 174 20 5

Team A 20% < Size < 40% 158 131 44 11

Team B 20% ][ Size < 40% 125 49 31 2

Team A 0% < Size < 20% 88 41 53 0
Team B 0% ][ Size < 20% 89 44 390 03

If onc concentrates on the best agreement category, (both teams detect and
size difference <10%) we see that 58% of Team A's and 44% of Team B's indica- ;

tions that are Targer than 40% are in that category. For the 20-40% size
range, the situation is reversed: 46% of Team A's and 60% of Team B's indi-
cations are in this category. This is consistent with the histograms of the
sizes of indications called by the two teams. In the <20% size category, the
17% agreement with Team B's indications, as compared to 48% for Team A, is
largely due to the very large numbers of small indications that were called by|

Team B.
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If .the Ltwo agreement-on-detection categories are combined, their proportion of
each teams' total number of indications is much larger than if size is also
considered. The differences between the teams for each size category tend to
even out, except for the <20% category. The percent of matched detections for
the >40% size class are 91 and 93%, respectively, for Teams A and 8. The
percent of matched detections is 84% for both teams for the 20-40% size cate-
gory. 'For the <20% size category, the percent of matched detections for Team
A is .71%, while it is only 25% for Team B.

ROUND ROBIN TUBE SELECTION
,

A major goal of the SGGP is to establish the reliability of EC in-service
inspections of PWR ' steam generator tubing using current (multifrequency)
technology. The two baseline inspections of the Surry 2A generator were not
planned for collecting data to estimate reliability, but to locate indications
for selecting a subsample of tubes for the EC round robin, which would
generate the data for -the reliability analyses. Basing the reliability
estimates on a subsample of tubes is necessary because the dented condition of
some tubes limits their useful accessibility,-and the destructive analysis of
even a limited number of tubes is very costly.

Rationale

The ratio of the number of defects expected to be found .in the generator to
the total number of inches of tubing is small, even for the Surry generator.
The temptation is to think that the sample of tubes for the round robin should
be representative of the generator as a whole. For most generators, this
would imply that there would be very few defects contained in the sample of
round robin tubes. However, it must . be remembered that the purpose of the
round robin is to determine the reliability of detecting defects - this means
that there have to be defects to detect in the round robin sample of tubes,
and they have to be there in large enough numbers to give the estimates some
validity. (This does not, however, imply that there should not be tubes in
the round robin sample that do not have defects.) Therefore the composition
of the round robin tubes should not be a representative subpopulation of the
steam generator from the standpoint of the number of defects. (Swets and
Pickett,1980).

The second point to consider in the selection of the tubes for the round robin
sample is that, although the experimental unit for the analysis is a small
section of tube (say an inch or two for cracks and perhaps five or six inches
for wastage), in terms of EC inspections the experimental unit is the tube.

- At first thought, it would seem ideal to define a round robin that would have
the participants go to a particular section of a particular tube and report

i what they see. This is very time-consuming and expensive, since many tubes
'

would have to be inspected and removed for destructive analysis. It can also
be argued that this type of round robin defeats the purpose of assessing the
reliability of detection, because it tells the participants exactly where to
look.
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Therefore, the two key concepts in designing the sample of tubes for the round ;

robin are that the sample should not reflect the proportion of defects found |
in the generator, and that there is a difference between the experimental unit
for the analysis and the experimental unit for the inspection.

Implementation

There is information on the status of the tubes from two basic sources - in-
service history and observations during the SGGP (leakers, defects, plugging
reasons, sludge-filled tubes at unplugging) and the baseline inspections. The
historical data do not. provide much information on defects (except in the
crescent / banana zone region), since most of the EC inspection data is from
gauging of dents at the support plates. The majority of information on pos-
sible defects is from - the baseline inspections. The decision was made to
select approximately 80% of the round robin tubes which would contain indica-
tions observed in the baseline, and about 20% of the tubes to be chosen
because of other conditions (leakers, sludge-filled, bulging) or because they
exhibited no indications in the baseline. The decision to not base the tube
selection solely on the results of the baseline reflects the knowledge that
the EC inspection is not error-free and the fact- we have useful additional
information from secondary side inspections and' visual examinations and
previous tasks such as tube unplugging.

The _ initial target number of tubes for the round robin sample was set at 300.
The reasons for selecting 300 tubes were two-fold: 1) the cost of removing
and examining 300 tubes for defects is the determining factor in the size of
the round robin, 2) 300 is also a reasonable number of tubes to inspect in a
week, since it is costly to have teams here for extended periods. There is
also statistical reasoning for choosing 300 ' tubes - if there were approxi-
mately 300 observations, the probability of being able.to detect' a difference
of 10% in the detection rate between two teams is about 0.80, with a type I
error rate of about 5% (Fleiss, 1981).

The analysis of the baseline inspections showed that there were substantial
differences between Intercontrole and Zetec in the interpretation of EC sig-
nals obtained from .the inspection of the generator tubing. The two baseline
inspections were not intended to provide estimates of reliability, and they
probably were as different as any two inspections of a generator in the field
could expect to be. They were conducted with different manufacturer's eddy
current equipment, using different frequencies, with somewhat different size
probes, different methods of acouiring and analyzing data were employed with
different data analysts. In terms of safety issues for steam generator per-
formance, the differences in detection, particularly of indications in the
pluggable range ,(>40% of wall thickness), are of concern. A review of the

,

; mismatches in detection of the larger indications by both teams showed that
| the differences were not due so much to the lack of a signal obtained during
| the data acouisition by one of the teams, but to different interpretations by
j the analyst of what the signal represented. Since there are substantial dif-
I ferences remaining in the results- of the two baseline inspections which can
i only be resolved by destructive analyses, the indications for the two teams
[ were combined to produce the most complete picture of the status of the tubes.

i
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The importance of reported indications to the safe operation of a generator is
primarily a function of their size and type. Since ASME code and current eddy |

current practice do not result in defect type information, only defect size
data is available. The indications were divided into three size classes based
on the current regulations for reporting steam generator indications.

-Indications whose sizes are >40% (the plugging criterion)e
Indications between 20 and 40% (the reportable range)e

* Indications <20%-

Once the baseline review had been completed, the size classes of indications
called by either team here then divided into three agreement subclasses:

Mismatch on detection - either the teams differed on the source (report-*

able indication vs copper) of the signal, or one team did not see a
signal
Both teams detected an indication and they agreed on the size within 10%e

e Both teams detected an indication and the size difference was greater
than 10%

The process of dividing the indications into classes is called stratification,
and the classes are called strata. This is the first step in the statistical
procedure called stratified sampling (Cochran,1963). In summary, the tubes
that contained indications as a result of the baseline were divided into three
size strata, and then each of these strata were further divided into three
agreement substrata. The number of bdications in each of the strata for the
tube selection for each team are given in Table 6.

~

The next step was to define the composition of the sample to be randomly drawn
from these strata. It was decided that the number of indications in each size
class in ~ the round robin tube sample should reflect their importance with
respect to safety issues, and that the largest indications should receive the
most attention. If the indications were selected completely randomly, a large
proportion of them would be in the <20% category because of the large number
of small indications called by Team B. Therefore, the proportions of indica-
tions in each class were selected to be approximately 45%, 35% and 20%,
respectively, for the classes (>40%, 20-40%, <20%). - In order not to prejudice'
the results of the round robin by favoring any one agreement class, each class
was sampled equally, so a third of each size class was made up of indications
in each of the three agreement classes. Because the number of tubes making up
45% and 35% of 240 tubes is not evenly divisible by 3, some adjustment to the
number of tubes in each size category was required. Table 7 shows the planned
number of tubes to be selected from each category for the round robin.

TABLE 7. Planned Selection of Tubes for the Round Robin

Numbers of Tubes
-Matched detection ' Matched detection Unmatched
Size diff <10% Size diff >10% detection

>40% 35 35 35
20-40% 30 30 30

<20% 16 16 16
Miscellaneous Tubes Added to the Sample 60

I
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Because the sizes of the classes varied, nearly all of the tubes with indica-
tions in some strata were chosen for the sample. In one case, the sampling
plan called for the selection of more tubes than a given class contained. If

this -situation occurred, a tube from the miscellaneous bin was used as a4

replacement. Frequently, the same tube was chosen twice because the classes
are not completely mutually exclusive. If that happened, another tube was
selected from the strata from which it was removed.

The 20% of the tubes with no apparent defects selected for the round robin
sample were chosen from the tubes that showed no indications reported by
either team from the baseline inspection. In addition, tubes that were
leakers, had sludge in them at unplugging, or showed bulges, were considered
for added inclusion in the round robin sample. It turned out that many of the

sludge-filled tubes and leakers were so badly dented that only a small portion
of the tube was accessible for EC inspection. Although these tubes undoubt-
edly contain through-wall defects, and are therefore some of the most inter-1

esting tubes, they were not included in the round -robin sample. These tubes
will be examined utilizing alternative NDE techniques.

Another 20 tubes were selected from the category containing indications repor-
ted by one team where the other team saw no eddy current signal at all in that
location. These cases were deemed of enough importance to warrant further
examination.;

Table 8 shows the final sampling selections, reflecting the changes mentioned
above. The actual percentages of each size category are 42.5% for the >40%
indications and 37.5% for the 20-40% indications. Considering the amount of
variability in the sizing of the indications, the sizes of the two classes'may
be virtually equal. The total number of tubes selected for the round robin
tube sample was 322.

TABLE 8. Actual Selection of Tubes for the Round Robin

Numbers of Tubes

Matched detection Matched detection Unmatched
Size diff <10% Size diff >10% detection

>40% 36 36 32
,

20-40% 30 30 30

<20% 16 16 16

Miscellaneous Tubes Added to the Sample 80
|

;

:
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ROUND ROBIN EDDY CURRENT INSPECTION

The objective of the _ acquisition round robin experiment of the SGGP is to
provide estimates of the reliability of detecting, and accuracy of sizing,
defects. in service-degraded steam generator tubing with Zetec inspection
equipment and field-experienced data-analysts. The reason the round robin was
restricted to Zetec equipment is that it is the equipment used on the majority

- of inspections done in the U.S. today, and there are not enough inspection
companies in the U.S. that are experienced in the use of Intercontrole eouip-
ment to even conduct a round robin.

Four terms were selected by competitive bid among those .that' demonstrated
significant field experience in inspecting steam generators, a fifth team has
recently been added from a project . sponsoring organization. The conditions
under which the data acquisition and analysis were to be conducted were stan-
dardized as much as possible. The sizes of probes and two frequencies, (400
KHz differential and 100 KHz absolute) were specified. Other frequencies were
left to the discretion of the teams. The equipment calibrations were verified.
by- the PNL eddy current expert. Analyses were to be done with the Zetec DDA4
digital data analyzer. Each team was given the same set of instructions that
explicitly stated that they were to report safety-related conditions, wall-
loss indications and loose parts. The teams were given computer-produced data
reporting sheets with the row and column numbers listed on them to standardize
reporting practices and minimize errors. The teams were requested to record
the channel number (frequency) from which an indication .was called, to state
its type (wastage, crack, etc.) and their level of confidence in the call. To
avoid ambiguity in the location of defects, particularly wastage, the location
of the deepest point of an indication was to be reported.- A . comments column
was also provided in case the teams felt further explanation was required.,

Since the round robin inspection was conducted this past summer, the analysis
of the data is currently not complete. What is reported here are preliminary
results that may be subject to change.

For reporting purposes, the round robin teams are simply referred to as Teams
1-4. The numbers of conditions that are related to safety issues . called by
each round robin team are given in Table 9.

TABLE 9. Safety-Related Conditions Reported by the Zetec Round Robin Teams

Numbers of Calls
Team

Condition 1 2 3 4
0.D. Indications 265 197 292 263

4

I.D. Indications 16 3 0 1
'

Undefined Indications 6 2 0 3
Possible IGA 0 0 20 0,

Loose Parts 30 14. 18 1

Total number of L.ll-loss 256 201 226 265
indications, multiple calls
within 3 inches deleted,
possible tube sheet crevice
IGA not included
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The number of 0.D. indications varied from 197 to 265. The number of I.D. I
indications also varied somewhat, from 0 to 16. The undefined indications i

were not labelled I.D. or 0.0., and are probably inadvertent omissions that
were 'not ' caught - by the data analyst. The number of loose part calls varied
also, from 1 to 30. Most interesting are the 20 calls of possible IGA by Team

i 3. In all but two cases, these were associated with calls of 0.D. wastage at
the topgof the tube sheet. Other conditions noted by the round robin teams
were permeability variations, possible sludge, dents and conductive deposits.

Recall that during the baseline examination, there were numerous instances of,

multiple indications at the top of tube sheet. The instructions for.the round'

robin had explicitly stated that the-locations of the deepest part of an indi-
cation be reported; however, the decision of when one indication ended and the

.

Other began is a subjective judgement of the data analyst. Therefore, for the
' round robin, the number of multiple indications varied among the teams. To

avoid inflation in the number of matched detections, it was decided that if
there were multiple calls within 3 inches at the top of the tube sheet, only
the largest indication would be retained. That led to a decrease in the total
number of ' indications reported, which are given in the the last row of Table

! 9. For comparison purposes, it is interesting that the number of' indications
called during the baseline for the tubes used in the round' robin are 239 for

: Team A and 294 for Team B. The reason that Team B has so many more indica-
tions is that the round robin tube sample had many tubes with multiple indi-

,

cations because of the large number of indications referenced to the hot leg
seventh support plate.

,

The round robin teams were required to report the channel number from which a
call was made. The channel numbers used by each team to make their calls are
given~in Table 10. Channel I was the 400 KHz differential mode and Channel 2 >
was the 100 KHz absolute. The other channels are- different frequencies or

.
mixes used at the discretion of each team. The term " missing" refers to

' omissions of channel numbers, and one team appears more prone to this type of
. behavior than the others. -The interesting thing about this table is tnat,
| despite the fact that the MIZ-12 is a multifrequency instrument with the
| mixing capability to remove the effects of unwanted signals, most of the

interpretations were based on the single frequency of 400 KHz.

!

TABLE 10. Channel Numbers Used for Calls by the Round Robin Teams
i

!

Numbers of Calls
Teams

Channel Number 1 2 3 4
1 209 164 219 229
2 43 1

3 1

1 4

| 5 4 34- 7

( Missing 2 35

.
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The locations of the loose parts called by the round robin teams is given in
. Table 11. Although there appears to be some agreement among the teams, Teams
1 and 2 agreed on-the location of 3 loose-part calls and Teams 1 and 3 agreed
on 1. '

TABLE 11. Locations of Loose Parts from the Round Robin Inspections

Numbers of Calls
Team

Reference Location 1 2 3 4
,

Hot Leg
Top of Tube Sheet 10 2 9

Support Plate 3 1 5

Support Plate 5 1

Support Plate 7 1

Cold Leg
Top of Tube Sheet 18 12 1 1

Support Plate 1 2

The locations of the indications called by each team are given in Table 12.
Similar. to what was observed for the baseline inspections in Table 1, the
reported indications for the round robin are scattered among the support
plates, but with the majority of indications at the top of the tube sheet on!

the hot leg. The range of indications for the cold leg top of the tube sheet
is similar to the results of the baseline.

TABLE 12. Locations of Indications Based on the Round Robin Inspection

Numbers of Indications
Team

'

Location Reference 1 2 3 4

Hot Leg
Tube End 8
Tube Sheet Roll 2
Top of Tube Sheet 216 191 212 222
Support Plate 2 3 1

Support Plate 3 1

Support Plate 4 1

Support Plate 5 1

Support Plate 6 2 1 1 2

Support Plate 7 4 3 1 2

Cold Leg-
Tube End 11 1

Tube Sheet Roll 1

Top of Tube Sheet 7 1 8 36
Support Plate 1 1- 1 1 1

!

Support Plate 2 1

Support Plate 7 1

Missing 1 1 1
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The distribution of indications among the three size classes is given in Table
13. As a point of information, the rows should sum to tne number of indica-
tions for each team given in the last row of Table 9; there are two excep-
tions, Teams 2 and 4 had 9 and 3 indications of undetermined size, respec-
tively, so they are not included in Table 13. The number of indications for
each size class varies considerably among the teams. It is interesting that

three of the teams called many more indications greater than 40% than were in
the 20-40% range. The range of the numbers of <20% indications is quite large
(50).

TABLE 13. Number of Indications in each Size
Category from the Round Robin Inspection

Size Category

Team <20% 20-40% >40%

1 45 90 121

2 27 76 89
3 24 82 120
4 75 68 119

The pair-wise agreement in detection among the teams is summarized in Table
14. Since the number of indications reported by each team differed, a single
percent agreement does not adequately reflect the situation. The table is
read as follows: given the indications by the team corresponding to the row,
the indications for the team corresponding to the column are compared to them.
The fact that the percent agreement between two teams differs depending on
which team's indications are the reference set can be seen by comparing Teams
1 and 2. If the Team 1 indications are taken as the point of comparison, the
percent of common detections if 61%; if the Team 2 indications are used as the

'

comparison, the agreement is 78%. Of all of the teams, the set of indications
reported by Team 3 has the greatest agreement with the other teams. Looking
down the columns, it is apparent that Team 2 has the least agreement with the
others teams' calls, while Teams 1 and 3 have about the same level of agree-
ment with the other teams' calls.

TABLE 14. Percent of Common Detections of the Round Robin Teams

Percent Agreement by Team
1 2 3 4

For 1 100 61 76 74
Calls 2 78 100 79 79
By Team 3 86 70 100 88

| 4 74 60 75 100
|

More detailed comparisons of the round robin inspection data are currently in
progress.
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FUTURE ACTIVITIES

Nondestructive examinations and characterization of - the generator will con-
tinue, with emphasis on advanced and specialized techniques to accurately
characterize specific regions and/or defect types. Eddy current data pre-
viously acquired will be reanalyzed to determine what additional infor. nation
is available in the multiple frequencies used by the data acquisition round
robin teams. Two data analysis round robins will be conducted, one each using
Zetec and Intercontrole data tapes and analysts. This will allow determina-
tion of the variability in analysis of common eddy current signals. The pre-
vious round robin included variability due to both data acquisition and anal-
ysis. The early removal of two tube sheet sections is planned. This will
allow'early confinnation of tube sheet conditions and provide opportunity for
further NDE, if current NDE characterization proves inadequate. Utilizing the
extensive NDE database, a plan will be developed for specimen removals. These
specimens will be variously used for destructive metallographic confirmation
of NDE results, for destructive tests of remaining mechanical integrity, and
for preservation for future NDE technology testing and staff training. The
program will .also conduct laboratory studies on chemical secondary side clean-
ing and primary side decontamination techniques using specimens from the gen-
erator. These studies will examine efficacy of proposed methods and seek to
determine long term damage potential from application.
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RELIABILITY AND FRACTURE MECHANICS *

S. R.-Doctor, Program Manager

D. J. Bates
L. A. Charlot

t M. S. Good
H. R. Hartzog
P. G. Heasler
G. A. Mart

F. A. Simonen-
J. C. Spanner .-

T. T. Taylor;

4

', . SUMMARY
,

,
.

,The primary pressure boundaries (pressure vessels and
. piping) of nuclear power plants are in-service inspected (ISI)~
according to the rules of ASME Boiler and Pressure Vessel Code, <

Section XI-(Rules for In-Service Inspection of Nuclear Power
Plant Components). Ultrasonic techniques are normally used for

; these inspections, which are periodically performed on a samp1-
ing of welds.-

1
i The-Integration of Nondestructive Examination (NDE) Reli-

ability and Fracture Mechanics (FM) Program at Pacific Northwest-

| Laboratory (PNL) was established to determine the reliability of
. current ISI techniques and to develop recommendations that-will
i ensure a suitably high inspection reliability. The objectives

of..this NRC program are'to
i

determine the reliability of ultrasonic ISI performed i-; .

.
on commercial light-water reactor (LWR) primary sys-
tems-

Lusing probabilistic'FM analysis, determine the impact.

i of NDE unreliability on system safety and determine
: the. level of inspection.rollability required-to.en-

sure a suitably low failure probability

evaluate the degree of reliability' improvement that-| ..

+ could be achieved using improved and advanced NDE.
techniques

L
;

Work supported by the U.S. Nuclear Regulatory Commission under4 *

: Contract DE-AC06-76RLO 1830; Dr.'J. Muscara, NRC' Program Man--
i ager.
I

r '
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; based on material properties, service conditions, and.-
NDE uncertainties, formulate recommended revisions to
ASME-Code, Section XI,.~and Regulatory Requirements
needed to ensure suitably low failure probabilities.

'The scope of4this program is limited to ISI of primary
systems; the results and_ recommendations may also be applicable
'to Class II piping 1 systems.

. The' following discussion will cover highlights of bothithe
. piping task and'the fracture mechanics tasks.

PIPING TASK

TASK 1: ' INPUT'TO NRC PIPE CRACK TASK GROUP

The Executive Director.. for Operations of the Nuclear Regu-
latory Commission (NRC) established a committee.to review stress
corrosion cracking in Boiling Water Reactors (BWRs). As part of
-their study, the committee requested the support of NRC research . ,

in reviewing ultrasonic techniques used for detection and sizing -

of IGSCC in BWRs. PNL assisted in this review by' drafting
Chapter Four, which included the following topics:

.

Current Ultrasonic Examination Requirements.

Technical Problems of UT. Inspection..

Actual' Field Experience Before and Af ter the Issuance.

of IE Bulletins 82-03 and 83-02

UT Round Robin and Laboratory Experience.

Recent Improvements in Ultrasonic Inspection. .

Personnel, Equipment, and Procedure Qualification.

Areas of Needed Research.

. Foreign Experience.

A short summary of topics from the report follows:

Current Ultrasonic Examination Requirements

Preservice and in-service examination requirements are -
specified . in 10 CFR 50.55a' and Section XI of the ASME Code. In
general, the applicable ASME ' Code . Edition for. a' plant 's pre-
service inspection (PSI) program is determined by the con-

,
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struction permit date of issuance, and for the in-service
inspection program-(ISI) is determined by the. operating : license

~

date of issuance. Since these issue dates of ten span a long time ;

. period, the intervening changes in Code requirements may negate
the; primary purpose of the: PSI,.which is to provide baseline-

, - measurements for. comparison with later ISI results.-

This-negative effect can be illustrated by considering the
calibration reflectors specified for UT in the 1974 Code (S-75
Addenda)'which were side-drilled holes; and the 1977 Coqe -(S-78
Addenda) which were notches. NRC-sponsored reports (1,2) showed,

[ that a significant difference in~ calibration sensi,tivity re- -

: sulted when: the calibration. reference reflector changes from a-
| side-drilled hole to a notch.
!
'

NRC Standard Review Plans (SRP's) Sections'5.2.4 and 6.6
l may not be adequate because these documents reference Code

j requirements that are inadequate.
~

Technical Problems of UT Inspection;

i

| The presence of geometrica1' reflectors at or near the-inner
i weld surfaces, combined with outer surface irregularities (weld
! crown, etc.') and interferences which limit the overall access-
; ibility for scanning, ~ tendito reduce the overall effectiveness

of the ultrasonic inspection. Furthermore, these inspections1

| must of ten be conducted under uncomfortable working conditions
i compounded by the time ' limits imposed on work in high radiation
| zones. Under these conditions,' operato'r attitudes may also
j impair-examination ef fectiveness. The anisotropic grain struc-
i tures found in austenitic stainless steel welds'cause severe and
: variable attenuation of the sound beam, and may 'also cause the

sound beam to_ bend away from the intended.straiCht line path.
These effects occur without the. inspector's knowledge ~and'can

| result in indications that are missed, incorrectly located,
; inaccurately sized, or all three. The currently employed weld .

overlay repair process further compounds these problems,-and
creates an' ultrasonic examination situation whose overall ef-
fectiveness is~ questionable, at best.

UT Round Robin and Laboratory Experience
,

A round - robin testing program was conducted by PNL -- to
measure-the reliability of crack detection and crack sizing;
EPRI also conducted a study to measure the reliability..of IGSC
crack depth. measurements. .The -PNL round . robin showed . that for

; clad ferritic pipe, the probability of detection and correct
[ interpretation .(PODCI) was at least 70% for cracks 15% throu'gh-

,

wall ~ or deeper, for both near siae and far side access. The PODCI
for' clad ferritic pipe using a PNL improved procedure.was nearly.
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: perfect. Thus,-the reliability of UT/ISI is considered to be,

adequate.for.weldsfin clad ferritic piping. For both IGSC and
thermal c f atigue. cracks in wrought stainless steel, these six
teams achieved an average PODCI of 50-60% when using their own
procedurest for. cracks 15% through-wall or greater. ~ For centri-:

- fugally -cast stainless. steel (CCSS) specimens containing ther-
. mal fatigue-cracks, -the average PODCI dropped to 20-30%, with a
corresponding 20-30% ' false call rate, for cracks penetrating 15%
' through-wall or: greater. Thus, the UT results on welds in
wrought stainlees steel piping.were marginally effective, and
'the results on. welds in CCSS material were categorically inef-
fective. Thefteams tended to undersize the length of.small
cracks and oversize--the. length of long cracks. All the teams
employed the Code-ad.vocated depth sizing method of amplitude
drop and'didinot show good correlation 'with destritctive crack

i. - depths.

The results of-a 17 team EpRI sizing study to determine IGSC
'

. crack ~ depth. measurement capability showed that although some
teams performed better than others, none achieved a statistic-
ally accurate correlation (+1/4 of wall thickness) between UT
measured depth and true crack depth. This study included 13 IGSC
cracks-and 3 EDM notches, and. revealed a general-tendency to
oversize small . cracks (less than 20% through-wall), ' and to
undersize cracks larger than 20% through-wall. This'" oversize
small/ undersize large" tendency was'also consistently observed
in the results of: the pNL round robin.

Recent. Improvements in Ultrasonic Inspection

While Inspection and Enforcement Bulletin (IEB) 82-03.was
in ef fect, about 5.4% of the welds examined where classified as
cracked; whereas, af ter IEB 83-02 became ef fective, some 25% of
the welds examined were classified as cracked (not yet verified
by destructive evaluations). This five-fold increase in re-
porting rate may be attributable to the classroom training and
performance demonstration requirements' contained 'in IEB 83-02.
However, this high reporting rate has resulted in at least
several cases of overcall.

The advantages of automated- systems- include mechanical-
scanning devices which reduce the radiation exposure to skilled
UT operators, automatic. data recording processes, and signal-
processing techniques which improve the repeatability and docu-
mentation aspects. : 'The disadvantages of-automated systems
include limited flexibility and their use is not possible on all
piping 1 con figurations; physical' access precludes their' use
adjacesit to pipe supports, branch connections, etc.;4and some
scanners.are not capable of skewing the search unit for optimum
detection of IGSC cracks or other reflectors that are obliquely
oriented.

4
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rsonnel, Equipment, and Procedure Qualification

..
The NRC is developing a document which will specify more

y O( rigorous . qualification requirements than those presently in
effect.. This document will contain both general requirements
and criteria to define overall performance qualification and.,

i requalification processes for all required UT in-service exam-
inations. ~ The document will require that: 1) all UT personnel,'

equipment, and procedures be qualified either individually or in
/ combination, and 2) the qualification processes will include''

<

successful completion of a statistically significant perform-
ance deconstration. The document will specify that all NDT Level
I, II',|and III personnel attend nationally-uniform training
courses, and the document also describes requirements for con-

3

ducting " blind test" performance ~ demonstrations of the record-
ing probability, probability of detection and diagnosis, and
flaw detection proficiency.

In 1983, an EPHI/Ad Hoc Utility Committee submitted a
proposed personnel qualification and certification document
(NUC-MR-1A)~to the NRC. This document.contains an expansion of
the ASNT Recommended Practice document (SNT-TC-1 A), and estab-
lishes a set of " minimum requirements" in lieu of the " guide-
lines" that are described'in SNT-TC-1A. Since NUC-MR-1A re- <

quires each user to develoo an individualized " Written Practice"
/ ,/to specify how that user will comply with the " minimum require-

" ments" of NUC-MR-1 A, a potential weakness exists since users may
be more inclined to tailor their written practices to their
current programs than to the spirit and intent of NUC-MR-1 A. If,
and when, this document is adopted by the NRC and implemented by,

industry,.it is expected that the status. quo will not' change
because most employer's written practices will require only
minor changes and will, therefore,-be inadequate.

The Section XI Working Group on Nonde\tructive Examination
is considering a proposal to add a new qualification appendix to
Section XI which will specify requirements for the qualification
of.UT procedures and personnel. The proposed - approach is
patterned af ter the qualification requirements of. IEB 83-02. As
currently drafted, this appendix will require that each UT
procedure be qualified. Thereaf ter,' personnel will .be qualified
via performance demonstration. Adoption of the proposed ap-
pendix XI will only incorporate current personnel qualification
requirements (i.e., IEB 83-02) into the Code.

Areas of Needed Research

| Applied research is needcd to ilevelop: 1) reliable auto-
I mated UT equipment, 2) better UT" techniques for sizing defects, .

3) UT techniques-for detecting and sizing flaws in pipe repaired
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by the weld overlay process and pipe that has been subjected to
induction heat stress improvement (IllSI) or last-pass-heat-sink
processes, 4) techniques for examining austenitic welds through
the weld, 5) techniques for examining cladding, weld overlay
buildups, and 6) techniques for scanning centrifugally cast
stainless steel piping. Finite element analysis modeling is
needed for cracks in austenitic stainless steel materials to
provide crack characteristics for use in specifying qualifica-
tion test sampics. Additional research is also needed to
identify, isolate, and analyze the human factors aspects of in-
service inspection, and their influence on the overall effec-
tiveness of NDT/ISI. The relative influence and relative
correctability of these factors should be assessed, and recom-
mendations developed toward mitigating the consequences of the
major negative human factors aspects.

Conclusions

Using the information summarized above, the NRC review
committee developed the following conclusions and recommenda-
tions.

Code minimum UT procedures result in totally inade-.

quate IGSCC detection. Easily implementable modifi-
cations to these procedures can result in some im-
provement. These have been incorporated into Code
Case N-335. Therefore, it is recommended that Code
Case N-335 should be immediately mandatory for all
augmented inspections until better procedures are
developed.

Although IGSCC detection has improved to the point.

that it is considered acceptable under optimum condi-
tions and procedures, the detection reliability as
impacted by variability in operator procedures and
equipment performance along with field conditions
needs further study and improvement. While length
sizing of cracks is acceptable, depth sizing is in-
adequate. It is recommended that advanced techniques
and procedures for crack detection and depth sizing be
developed and incorporated into Code requirements to
provide data to reduce the need for extremely con-
servative fracture mechanics evaluation.

The current activities in personnel and procedure.

qualification and performance demonstration repre-
sent steps in the right direction, and the resultant
process that is implemented is acceptable in this
interim; however, they need further improvement.
Therefore, it is recommended that ongoing industry

1
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and NRC~ activities to develop adequate criteria for j
qualification of the entire inspection process to l
achieve more reliable. field inspection be finalized |
Land. implemented on a high priority basis. '

i For future plants - or for replacement of ~ existing.-

piping systems, - the material, design of pipe joints,
and accessibility' from both sides of the weld should

; be optimized for UT examinations; this requirement
should be mandatory for all components with the ex-
ception of existing items such as pumps,' valves and.

vessels |in older plants. The uninspectable joints
'

; should be subjected to IHSI.

Inspection techniques should be developed for detec-.

tion and dimensioning of. flaws in pipes repaired by
the weld' overlay process. .

I
TASK-2: NUREG/CR-3753, PNL-5070 - AN EVALUATION OF ' ANUALs

ULTRASONIC TESTING OF CENTRIFUGALLY CAST STAINLESSe

l FfEEL

! This report documents _ the results t of a joint PNL and
Westinghouse effort.to~ determine the limitations ~of inspect-
ability of' cast-stainless steel using manual inspection tech-

. niques. Two studies have been conducted in-an attempt to.
~

,

1 determine the degree of inspectability of-centrifuga11y cast
stainless steel (CCSS) pipe.. One study was an NRC-sponsored Pipe

I Inspection Round Robin.(PIRR). test' conducted at PNL. The PNL
study reported that less than 30% PODCI was achieved.on thermal-,

|' fatigue cracks ranging from 5%:to 50% through-wall. Another
study was conducted by Westinghouse. The Westinghouse-study-4

i' reported that 80%; detection was achieved for 20%.through-wall
mechanical fatiguo cracks.-

:

A cooperative program between ' PNL. and Westinghouse .was
conducted to resolve the differences between1the two-studies.'
The program was designed as a limited round robin. Detection

' "

!; cxperiments were performed on samples from both - tho' PNL : and '
Westinghouse studies.

~
'

t

- When inspect i ng'. the. CCSS ' specimens that .were'made"by West--
inghouse, the; inspection' team-performed as follows:

.. ~ When considering.both-cracked and uncracked'speci-,

' - mens, 17.~of.'22 samples.were characterized properlyn

When 'considering cracked and.uncracked specimens sep ... s

arately,-9 or 14 cracked' samples;were: characterized
. properly and all uncracked samplee were characterized
. properly.

L

i
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The results are in agreement with those reported by West-
inghouse in their report WCAP-9894. Detection probability was
very good for cracks with depth greater than 15% through-wall.

When inspecting the CCSS specimens that were made by PNL,
the'results followed the trend of the other four teams that
inspected these specimens during the Pipo Inspection Round
Robin. Out of 29 inspections of cracked specimens, only two
cracks were detected. Again, none of the crack samples produced
a recordable signal T1ong its entire length. The only unusual
feature of the Westinghouse' team's performance was the absence
of false calls.

It should be noted that the crack depths indicated for the
PNL specimens were based on nondestructive measurements. Lim-
ited destructive depth measurements performed to date have-
indicated that the cracks were probably not this deep; in fact,

! it is estimated that the depth range of the PNL cracks is about
the-same as that of the Westinghouse specimens, viz. 0%-30%.

Acoustic Volocity Characterization of Samples

The acoustic velocity of both PNL and Westinghouse test
samples was determined. The velocity measurements were made at
normal incidence. Table 1 shows the results of the velocity
measurements. Sample sets 1 and 2 are from specimens used during
the PNL round robin and sample set 3 are specimens used in WCAP-
9894.

Ta bl e 1. Velocity Measurements (Normal Incidence)

VL Max VL Min
Sample Microstructure (m/sec) (m/sec)

1 (PNL) Equiaxed 5932 5875
2 (PNL) Columnar 5496 5430
3 (Westinghouse)* Columnar 5800 5420

* Note: Sample set 3 had very significent point-to-point-vari-
ations (approximately 7%) within_a single. specimen.

After analyzing the. velocity measurements, the'following.
conclusions can be made:

When considering all test samples, the acoustic velo-.

city of CCSS material shows wide variation.
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The equiaxed and columnar microstructures of the PNL.

sample set have different, but well behaved velo-
cities. The velocity of the equiaxed microstructure
has a maximum variation of 0.9%. The columnar micro-
structure has a maximum variation of 1.2%.

The Westinghous'e _ samples, by contrast, have wide.

variability from point-to-point within each sample
and from sample-to-sample.

Conclusions

Metallurgy of Base Material

When analyzing the data with respect to grain structure of
the base metal, no trends appeared. Crack detection was either
spread evenly between grain structure types (as was the case'in
the joint study)'or, when considering all round robin data, false
call . rates. were so high that trends were not statistically
significant af ter correction for false calls. The variability
of velocity did not appear to affect crack detection. It does
not appear from the experimental data.that either grain struc--.

ture (equiaxed or columnar) had better properties for ultrasonic
inspection.

-Weld Access

Similarly, analysis of data from the joint study, PNL round
robin, and WCAP-9894 does not show any clear trend for superior
detection.as a' result of near-side or far-side access. However,
access to both sides of a weld did improve crack detection.

] Defect Type

'

The most significant factor for crack detection that.re-
sults from data analysis is flaw type. The PNL samples contained
ultrasonically tight, rough cracks. The tightness'of the cracks
was graphically illustrated when optimized radiographic exam-

| ination of the samplet. had difficulty detecting .all.but.the
deepest cracks. The Westinghouse samples contain by comparison.
open and planar type cracks. Both sets of test samples contained-
.no geometric reflectors at the weld root or crown. The only

. signals ~ interfering. with crack detection were metallurgical in
! nature. Ultrasonic signals from the PNL samples were generally

very low amplitude, of ten no greater than signals reflected from
grain boundaries. .By contrast,. signals from the Westinghouse

_

fatigue cracks were higher .in amplitude; in fact, the response,

l from all cracksfwas greater than or equal to the 3/16..inchiside
! drilled hole calibration reflector located at 1/4T.
|

t
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: Sizing

'

i WCAP-9894.does not address the sub, Ject of sizing at all; the
PNL PIRR depth sizing data was too sparse for statistical
analysis. .However, those, teams |that.did attempt to size did not
do well'.: The experimental data shows that no cracks in either

,

set ..~of ! test samples | produced detectable signals along their
entire length. ' Therefore, it is: concluded that accurate char-
acterization of cracks with current techniques applied in the

~

field'is not possible for either length o'r depth in.CCSS piping. ,

Inspection Technique

~ During - the PNL' PIRR, _all teams.used dual element' longi-
tudinal search units. Some of the search units used a zone

' isolation p:inciple and some did not. The Westinghouse team used
a single ~ search unit designed 1with a. water column. None of the
; inspect _lon techniques or search units showed: superior. perform-

' ance.
,

i Re' commendations

The . experimental data _ from. the three studles sugge'st that
detection 'of cracks in CCSS primary piping -is highly. dependent
upon'the cracking. mechanism. Mechanical fatigue < type cracks

j. have a reasonably high probability 'of detection; tight thermal-
i fatigue cracks are. essentially undetectable with current field

{ ultrasonic' inspection techniques.. Theimost probable 1 failure
mechanism of cast stainless steel pipe is not known at this _ time.
However, because some failure ' mechanisms (i . e. , . mechanical.

i fatigue) have provcn to be detectable,-it.is recommended that the
_

requirement of ultrasonic examination of cast stainless | pipe be -,

'
continued. In addition, data from the. Westinghouse study
indicates that operator training can improve detection:profi-,

ciency.. Therefore, it is recommended that a11' operators in--
volved in.the inspection of'CCSS piping._bestrained on; actual>

flawed specimens and'that some demonstration 1 analogous to-that"

[ described'by IEB.83-02 be required.as.a minimum.--
~

Limitcd| destructive analysis .of the PNL' PIRR'-flaws /indi-:4

cates that:true flaw depths may.be less than the intended depths.
Therefore,tinsufficient' data exists.to predict.the detectabil -

,
_

i _ity of thermal fatigue cracks deeper than.30% wall thickness'.
.The following : re. commendations are ! made to 5 provide a. ' bet ter
. definition Tof detectabilityE for -safety sign i fican t ,- rough,-
~ tight flaws.

4

1. ..Using1PNL type: samples, produce' crack's with through-wall -

' depths: ranging between 50% and 75%Lof.pipelthickness and,

'
determine-whetherfor'not crack detection improves signi--

.

.ficantly'for. deeper.-cracks.'

.
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| ' 2. Establish the critical flaw size (maximum sa'fe length and
through-wall depth dimensions) for-CCSS-pipe.

The most-troublesome evidence from all three studies is the
; conclusive data regarding the inability to properly. character-

ize cracks in _CCSS using current field practices. -The only area
of defect sizing that has not been properly addressed E is the

i potential of more sophisticated techniques such as SAFT, UDRPS,
j. and .acous tic . hologra phy. Therefore,' it is recommended that the

)
. potential of.T these techniques for . examining CCSS piping ~ be
evaluated.

4

TASK 3': INTERACTION MATRIXi

The objective of this task:is to examine the'. effects of
variations in ultrasonic test. equipment _upon the reliability,->

4 . repeatability, and quality of .the results of inspections of
; nuclear, piping components and develop' proposals'for improve-

ments in same.

Individual ultrasonic test system components (e.g. , trans-
ducers, pulsers, and receivers) have been characterized. Mathe-

. . matical formulas describing 2their interaction are being-devel--
*

oped and based upon'those formulas, a computer model-of'.the
ultrasonic test system will be constructed. . A series of actual.
test systems have been as'sembled from: characterized components

" and used to record test results on a set of-prepared flaws. These. ~

test results will be used to refine and: validate the computer-
model. Because of'its speed and ease of use, the computer model -
will then' be used to ' investigate the effects of a wide range of -
test system variables upon' test'results.- The results~ of these -
investigations will be used to propose' standards _of improvementsj -
for' individual test system components.:

i
~

! ' Test systems will also be characterized as complete s'ystems
so.that-the interaction between test system characteristics and
flaw characteristics may be' investigated more closely. These
investigations will be used to propose standards of' improvements
for. test systems-in-total.

<

The majority' of the _ test results of actual. test systems have
been recorded and analyzed for simple'' variability ofiresults.-
Variations in amplitude' response of up to 50% for different test.

[' . systems (each(calibrated -to the same reference reflector) exam-
|' -iningM the _ same. flaw . show that the ' problem ican ' easily. havec a

_

--

significant impaction . the E reliability . of ultrasonic . inspec-.

tions.
,

The mathematical formulas describing the~ physics'of'theJ
~

test system have been worked out:

|
.<
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% FSII = GARift Vp (Z ' Zt r

~

p t

where: % FIIS = percent Full Screen lieight
Vp = pulser internal equivalent voltage
Zp = pulser output impedance
.Zt= transducer input impedance
Zt= transducer output impedance
lit = transducer voltage transfer function
~A = test material' attenuation coefficient-

R = flaw reflectivity coefficient
Zr = receiver input impedance
G = receiver voltage transfer function gain

(displayed as % FSil)
)

A series of FORTRAN subroutines which form the basis of the
; computer model have been written. They control the digitization ~

and recording of test results and component characterization
data, perform the necessary algebraic array and Fourier trans-
form manipulations, and graphically display and/or record the
results.

In order to develop the computar model itself, a second
interactive program was written which uses the same subroutines
that the model itself will use. The interactive program, -through
control of the computing process and its ability to display and
store intermediate steps, is being used to investigate . and
refine the characteristics of the group.of-subroutines that
perform the actua1' calculations. Debugging has been completed
and the interactive program is now being used on a series of more
complicated calculations.

,

Significant progress has been made in the. transducer.seg-
ment of the model by the determination of Zt _ and li ,'thet
characteristic parameters of the transducer. Although previous
characterizations of the transducer have measured the same or
similar parameters, the degree of accuracy (and amount of data) ,

required for accurate waveform prediction were in many cases one i
to two orders of magnitude greater ~than the previous characteri- I

j zations. Not only must these parameters be accurately measured
i in order for them to be useful in the model, Lut it must be shown
, that the transducer does in fact behave in a linear manner over
L the range of' intended operation and that Z and Ht are invariantt
f over that range; Our measurements of Zt and Ht have allowed us

to make accurate computer predictions of transducer waveforms
given the voltage waveform applied to the transducer. And,
although'we have not tested the model over the full range'of-
expected applied voltage waveforms, the model has generated good

,

.

results over a' wide range of applied-voltage waveforms.

|

|
|

|- 297

|

!
'

._



,. ._ _ _ . _ ._ _ __ ._ .

|

Characterization of the pulser characteristics, Vp and Zn,
i has been much more difficult.- The initial evaluation of the
'

problem pointed out that the pulser would have non-linearities
associated withrits operation but that in'the best. case they
might be. only ' associated with the actual of f-on . and . on-of f

-

transitions. Given that.' the transitions are very short in
duration and if the on impedance of the transducer.is constant,

,

Lwe hoped to be able to model the pulser in a piecewise fashion.
? Attempts to characterize the on impedance of the_ pulser were

. hampered by the brevity of the event of interest and the limited
| . range of - frequencies _in our. static . impedance measurements.-

However, after exhaustive efforts to-eliminate other possible*

causes of our varying measurements 'of the pulser on-impedance,
.

we have concluded that the on -impedance of the pulser is also a'

-function of the . pulser's output voltage and since that willi

typically vary while a pulser is driving a transducer, we will,

! not be able to accurately characterize the pulser on impedance.

However, in the case of our square wave pulsers, all of the.
measurements have indicated that the pulser on impedance is less*

than.20 ohm magnitude over all frequencies of interest with a
typical value of 5 ohms resistance and an inductive reactance of
5 ohm at'10 MHz. Thus, as long as the transducers'_-impedances

i are significantly larger than that of the on impedance of the
i pulser should have little effect on the model'and our efforts are

{ currently proceeding on that assumption.

'

The square wave pulser was investigated first because it
~

was expected that if pulsers could be characterized, it would-be
easier to characterize by virture of its having, if not a con-
stant on ' impedance,. at least a small on . impedance. Shock-type
pulsers, particularly if any-damping is used, may, be much more

|. difficult to characterize because the pulser on impedances-are
i less.likely to be ' signi ficantl y smaller: than the transducer
; impedance. This problem casts doubt on abil.ity. to characterize

the L test system piece' by piece into a . workable. model .

'

An ' alternative ' method of ensuring ~ that dif ferent. test
-systems in_the field give. consistent results may' merit closer-

~

:. consideration.- The present calibration procedure uses afspec-
!' : tral: reflector (reflects all frequencies' equally well) to adjust

~

- the % FSH and construct' DAC-curves.. However, as indicated by. our
| results:so far, ' the ;cause of ar good deal of the dif forences-

between ' test, systems - is due :to : variations in the test systems '
sensitivity as a function .of frequency- in conjunc tion 1wi th
variations ?in' the. material attenuation.an'd. flaw reflectivity as
a' functionfof frequency. By.using frequency = specific calibra-
. tion blocks, a procedure may be developed which would ensure-that '
thec variation of a : test:: system.'s results, as- .a -- function of

' frequency,' would fall within certain -bounds. J The challenge _ here-,

is to find or construct ~ frequency specific calibration blocks.'

.. .
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TASK 4: ADVANCED UT TECHNIQUE ~ EVALUATION

1The objective of this task is to evaluate-UT techniques
which can ef fectively reduce in-service inspection unreliabil-
ity. :The performance of each technique is quantitatively
compared to the results of the PNL PIRR. In a preliminary
evaluation of FLAWSORT (a technique developed by- Southwest

_

Research Institute) results have been completed and are pre-
sented . here to illustrate the analysis methodology used in-
'evaluati ng candidate techniques.

.

FLAWSORT. is a computerized ' interpretation algorithm which
distinguishes between those ultrasonic inspection results indi-
cative of cracks and those results indicative merely.of geomet-
ric reflectors.

SwRI ultrasonically inspected selected areas of the cir-
cumferential welds in 11 PIRR pipe specimens. . The specimens were
10-inch diameter, Schedule 80,- Type 304 stainless steel pipes.'

The inspections utilized a dual-element, 1.5 MHz, 450, shear-
i wave transducer. SwRI used FLAWSORT to interpret the inspection

results and reported the interpretations to PNL.
'

PNL evaluated the reported results and the following is a
summary of the evaluation. .PNL estimated that the false-cal)
probability'of FLAWSORT was 0.00, as opposed to 0.09 for the PIRR
teams.

PNL evaluated the following probabilities of detection and
correct interpretation as cracks.(PODCIs) for FLAWSORT:

for EDM notches,1.00 versus-0.59 for the PIRR teams;.

for IGSCC, 0.75 versus 0.53;.

1 for all of the defects taken:as an: aggregate,~0.68 -

.

versus 0.46; and

for thermallLfatigue cracks, 0.50 versus.0.34..

Our evaluation of ' FLAWSORT results showed a-chi-square-

significance'at the 1% level. This is very' strong evidence that
PNL's ' t est really assessed FLAWSORT's intrinsic -performance
abilities.

_ ,

. TASK 5: LETTER REPORT ON EVALUATION OF WELD OVERLAY,EXAMINA--
TION TECHNIQUES

The objective 'of. .this task is to determine..the ef fective-'

ness and limitations.for. ultrasonic examinations of stainless

u
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steel- piping welds which have weld overlay applied is a counter-
measure to SCC.

'

The' project direction is divided in two areas: 1 ) ' deter-
mine if it is practical to pass ultrasound through weld overlay,
'and'2) assess if' defects in the pipe weld zone can be detected
-and characterized. Our involvement with weld overlay inspection
.research began in March 1984. The initial plan was to search for
. information already published on weld overlay. Secondly, before
any research could commence, it would be necessary'to collect a
group of samples which.had weld overlay applied.

A literature search was conducted first, and it revealed
there is not a large amount of material on the subject of weld
overlay. In March, EPRI published a study prepared by Southwest
Research Institute titled " Evaluation of Nondestructive Exam-
inations of Intergranular Stress Corrosion Cracking Counter-
measures." -This report offered a wealth of information and
served as an initial- starting point for the work recorded in this
report.

.

There 'are four dif ferent sample categories needed fc r this-

project. :They are:

1) plate with no weld and no weld overlay

2) plate with full-penetration weld

3) pipe with weld overlay and no full penetration weld
,

'a) unground with no notches on' the inside diameter

b) unground with. notches on the inside diameter.
t

| c )' ground with no notches on the inside diameter

d) ' ground with notches'on the inside diameter-
|

4) pipe'with weld overlay and a full penetration weld~

a) . samples manufactured for use in'this' project
~

with all conditions listed in 3)'above.
r

with artificially' induced IGSCC.

|

! b) ' samples procured from nuclear power plants'which
-have been in service.

300
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Sampics 1, 2, 3, and 4a have been obtained and sample 4b is an
overlaid-pipe from Monticello that is at PNL but not decon-
taminated.

Using a 450 shear wave mode transducer, tests have been
conducted to determine how serious an affect weld overlay has on
the returned signal from a machined notch on the inside diameter
surface. A category 3b sample was used to compare with a pipe
section with no weld overlay. Each sample has two notches on the
inside surface: one notch is 0.110" deep and one notch is 0.330"
deep on each piece. The tests with the 450 shear wave transducer
have demonstrated the 0.330" notch can be detected through the-
weld overlay; however, there is serious energy losses as com-
pared to the 0.330" notch detected through plate with no weld
overlay. The 0.110" notch could not be detected with.the 450
shear wave transducer through the weld overlay. The above-test
utilized only a 2.25 MHz, 0.5" diameter transducer. This is the
first in a series of' selected frequencies, diameters, and angles'

to be evaluated.

The main body of the program is the detection and evaluation
portion which is subdivided into two primary areas: 1) the use "

of EMATs for sound field measurements, and 2) the comparison of,

transducers (mode, angle, frequency, and diameter) based on
amplitude of the reflected ultrasonic signal. EMAT measurements
conducted to date have revealed some expected results - and some
unexpected results. Tests through unground weld overlay have
revealed that both shear wave mode and longitudinal. wave mode
transducer angles will be adversely affected. The problem
appears to ho two-fold on unground surfaces: 1) the lack of
surface paral elism, and 2) the metallurgical structure of tha
weld overlay material. Present sound field tests being con-
ducted with high angle longitudinal transducers using plate with
no weld overlay have demonstrated serious loss of energy in the
longitudinal mode. .Similar tests through weld overlay have yet
to be conducted. Other tests, through plate with various angles
to determine wave mode energy losses, are also schedule. A
report is planned to be out by the end of the' calendar year.-

TASK-6: QUALIFICATION DOCUMENT TASK

The objective of this task is to develop a document that-
specifies supplementary criteria, requirements, and-processes
for' qualifying personnel, equipment, and procedures for ultra-

(UT/ISI) of nuclear power plantsonic _ in-service inspection _
components. This document will specify the overall- qualifica-
tion processes that are to'be used to achieve a statistically:
significant' performance qualification, and it will also specify
the test specimens, environment, and.other conditions under
which the qualification processes must be conducted.
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To date, the overall scope of the qualification criteria
and requirements have been defined, the document format has been
developed, and three " working draf t" versions have been sequen-
tially prepared.

The first working draf t contained an extensive review and
discussion of the overall qualification issue and its problems,
and described the wide variety of approaches and options that
should be considered. A broad cross-section of industry and
regulatory interests were invited to a workshop meeting which
was held in June 1983. Although the controversial nature of this
issue was quite evident, the two-day meeting proved to be very
productive.

The second working draf t included extensive revisions based
on input from the workshop meeting. This draf t was reviewed with
the NRC Project Manager in early March 1984, and the two-part
approach involving separate application supplement for each
unique, specific application was dropped. The application
supplement concept (if used at all) would be limited to only
three appendices; one for piping, one for vessels, and one for
nozzles. The document has been reformatted using the above
concept into a third working draft. This third draft will be
presented at a second workshop meeting to be held in November
1984.

The basic document features are:

1. A statistically designed performance qualification
demonstration is required.

2. The UT personnel, equipment, and procedures are all
considered to be critical inspection slements, and all
three are involved in the qualification process.

3. Nationally-uniform classroom training is required
prior to initial qualification, and once per year
thereafter, for all Level I, II, and III personnel.

4. Level III personnel must successfully complete na-
tionally-uniform Basic and UT Method examinations as
one part of the initial qualification requirements.

S. Limited-scope qualifications are permitted for both
personnel and equipment.

G. Provisional (reduced) qualification requirements are
included to temporarily satisfy unexpected, urgent
UT/ISI needs.
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The results from other NDE/FM program tasks will be util-
.

zized to develop specific criteria and requirements for the test
Lspecimens,- equipment performance parameters, and performance
demonstrations. 'The major goals of the next workshop meeting.
will be to obtain general agreement on the scope of this UT/ISI

~

? qualification program and to develop a plan for implementing the
document.

|

TASK 7: -EVALUATION OF CRACK CIIARACTERIZATION TECIINIQUES~ '

The objective is to evaluate UT techniques for accurately |

characterizing cracks. This task evaluates the capabilities and:

- limitations of-techniques used for sizing the depth of cracks in
nuclear reactor. piping. The operation of the. techniques are !

discussed and a comparison of results from examining cracked
specimens'is shown. -The techniques'being evaluated are:

;

Shear wave Satellite Pulse Techn'ique (S-wave SPT).

.

Longitudinal wave Satellite. Pulse Technique (L-wave.

SPT)

Outer Diameter Creeping Wave Technique (ODCWT).

' Synthetic Aperture Focusing-Technique (SAFT).

A bi-modal ultrasonic technique (SLIC-40).

A material resistivity technique.'(RESTEST).

Our research to date suggests that-no single crack sizing
technique approaches 100% reliability, in either depth measure-

~

ment accuracy, or simply yielding?a depth measurement. ;This-

suggests that the best approach -is - to use multiple sizing
~

techniques. The material: resistivity technique (RESTEST) ap-
pears to be unef fective for crack depth sizing-(from' the OD)'at-

.

this time.

The followlng preliminary conclusions are 1 based on the .
experimental.results to date.,

.. . -The ODCWT appears reliable for identifying / sizing.
deep cracks.

'L-wave techniques appear to be ; ef fective ' when at--.
~

tempting crack tip diffraction' in ( austeniticL mate--
rials (L-wave SPT,fSLIC-40,--ODCWT).. -

S-wave ' PT is most effective when applied to ferritico.

components.

'
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All crack tip diffraction. techniques are best per-.

formed using an RF display and high damp transducers.

Personnel performing crack depth sizing.in the field.

should be required to perform satisfactorily in a
qualification test using the same equipment they will
be using in the field.

TASK 8: INTERNATIONAL NDE RELIABILITY WORK

Results of previous work by PNL have indicated that stand-
ard UT procedures are inadequate for reliable crack detection-
and sizing _in stainless steel piping used in nuclear reactor
primary piping systems. As part.of a continuing effort to
identify nondestructive evaluation methodologies that will have
improved. ability to reliably detect and more accurately char-
acterize defects, PNL has designed and is presently implementing
an international round robin exercise.

The round robin on cast stainless steel has been separated
into two phases, with the first phase using presently available
test specimens from the PNL PIRR study for initial screening of
techniques and allowing direct comparison of results of the PIRR
study. This phase of the round robin is already in progress with
several U.S. teams completing inspection. of the specimens.
These specimens are to be shipped to Europe for further study by
14 teams from other countries. The overseas work.is being
coordinated by the Joint Research Centre in Ispra, Italy as part
of the Committee for the Safety-of _ Nuclear Installations. This
work will become part of the PISC II program in the fall of 1984.

The planned second phase of the round robin will further
characterize appropriate methodologies identified in the
screening phase by using a much broader range of cast stainless
steel configurations than those available from the PIRR study.
Additional studies are also planned for austenitic stainless
steel.

TASK 9: SIAMESE IMAGING TECHNIQUE FOR IMAGING PLANAR-TYPE
RADIAL DEFECTS IN REACTOR PIPING

Introduction

i This report describes a' unique. acoustical imaging tech -
!. nique (i.e., Siamese imaging) for imaging planar-type, radial
| defects in reactor . pipe weldments, etc. The send / receive

imaging configuration consists of two focused probes operating'

from opposite sides (SROS) or from the same. side (SRSS) of the-
| defect to be imaged. The former configuration is usually
j referred to as the_through transmission pitch / catch t.echnique,
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and the latter configuration is usually referred to as the tandem
technique in NDT jargon. Simple geometrical ray theory is used
to derive the basic equations that define the fundamental image
parameters that describe the defect: image magnification,
defect true height, inclination angle, and depth.

Concept

Send / Receive Scanning Configuration from Opposite Sides of
the Defect (SROS)

The siamese image is a bi-symmetrical view of the internal
planar object. Figure 1 graphically illustrates the concept of
twin image construction using the SROS configuration with the
defect onnected to the lower surface. Two focused probes are
positioned to view the object at a preselected viewing angle 9.
The receiving probe or transducer is represented by the human
observer and as the SROS configuration is scanned across the
vertical object, one sees first the normal reflected image and
then the inverted image. The final integrated image consists of,

(a) Object Connected to the Bottom Surface

n (Image)
Scan
* *Transducer

Reflected / Final Siamese
Transmitted Image @ Imago

Oi O' Object y (No Separation)
Appears Upright /

,,,,,,,,,,,,,,,,,,,,,

End View
Scan w (Image)lnverted

--> r,
,

Object Transmitted /
O Reflected Image

,i<r,ie,ssi s

Side View T Object Appearsinverted

,,,,,,gD'g ,,,,,,,,,,
sp

(b) Object Above the Bottom Surface

Figure 1. Siamese Image Concept SROS (Object on Lower Surface).
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the normal and inverted image connected or separated at the
baseline, thus we call it a " siamese image."

Figure 2 illustrates the concept when the object is above
the lower surface (i.e. , simulating an internal crack). The bi-
symmetrical image is now separated indicating the object is
above or not connected to the lower surface. Thus, this unique
image parameter reveals the object or crack is not lower surface
connected,

m (Image)
Scan
*Transducer

Reflected /
Transmitted image & FinalImage

w (With Separation)
O O Object Appears /

Upright / -
,,,,,,,,,,c,,,,,,,,,,

EndView wg
-> <<

Object

h Object

Object Appears tnverted
b{,,,,,,,,,,,

Side View ,,,,,,,,,,,,,,,,,,,,,
'

,.

b ''

Figure 2. Siamese Image Concept SROS (Object Above Lower
Surface).

Send / Receive Scanning Configuration from One Side of the
Defect (SRSS)

Imaging a vertical defect from one side using two probes or
transducers is usually referred to . as _the tandem technique.
Figure 3 illustrates the basic concept using a scanned source and
receiver configuration that generates the siamese image. The
scanned source provides object illumination via multiple in-
- ternal reflections in the block as the receiver scans across the
reficcted or scattered field above the block and generates the
tandem siamese image. Thus, the two scanning configurations
(SROS and SRSS) produce approximately the same images with thet

' exception that one sees-loss of energy in the image outline
'
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Siamese image

Obsect Obsect
Appears 'h ' inverted

Appears
Upright

Scan Scan W Scan Scan

5 '& ' 5 W

% s, s.
Obsect

h
Ob ect Obsect' ' 'f,j,' G,',' ' ' i,

,,,,,,,,,,,,,,,,,,,q,,,,,,,|un,,,,,,,,,,,,,,,,,,,,,,,,o,,u

\ , ,- EndEnd View
j .._|| View(a) (b) * t/g fy.

Figure 3. Siamese Image Concept SRSS (Object on Lower Surface).

(SROS) ' configuration _ and the presence of energy in the image
outline in the tandem (SRSS) configuration.

Geometrical Ray Theory

Simple geometrical ray theory is used to' derive the basic
equations, as shown in Figure 4,- that characterize the defect.
The illustration in Figure 4 shows the concept for a non-vertical
planar defect above the lower surface (i.e. , most general case).
The mathematical expressions uniquely define the defect height,
inclination, depth, magnification, ' etc. , in terms of. simple
measurable image parameters and material - dimensions. This

i allows _ easy calculation of these important defect parameters
utilizing only the image, viewing angle, and material dimen-
sions.

Preliminary Experimental Results--in Stainless Steel Pipe

Simulated Vertical Cracks in 27 cm Diameter Pipe. The
vertical semi-circular type object (i.e.,.sawcut) simulates a
planar crack in pipe weldment and is used to evaluate the
system's image resolution capabilities. _ Figures Sa, b, c, d, and
- e -illustrate the transverse or shear wave' pitch / catch construc-
tion geometry, and associated siamese images. Broadband pulse4

illumination centered at 2.42 MHz was uspd to image the sawcuts.

Figure Sb is the siamese image of the internal sawcut con--

nected to the lower surface. Both images are connected along
their baseline as predicted by simple ray-theory.

307

--



i

I

|

1

I

Non-symmetrical _ Siamese Image
N

image #1-* Image #2

p 7;;;;;;;,h,,',,, ib g n,2.'Y

\ f
_

'

?,,.O ;,,'

h'f tz

h- h sin
i'pI

i :z
/

Object at inclination Angle

Pitch / Catch Siamese Imaging

True Object Height: h, = ['i * '2 -h,i h:2
2/ 4 sin 9

.
.

Object inclination Range ( ) =sirr1 (h,i + h,2 = sin 1 't i2

,2htanO 2tanOt (h,i + h.2) -h,i :2h
2- 4 sin g -

r = t -(b/2) cotO - h sineFrom ppe Surface

Object Depth z = ( b-) cotO
From Lower Surface 2

h,i cos(w- )- tanOsinMagnification in "x" Direction: M,i ,=

h cos0 + cos(w-B)e g
2tanOsinB -

h cos - tanOsin(w-B)| M - 22_ =
x2

h cos + cos(w- )a ,j

2tanO sin (w-B)

Figure 4. Siamese Image Geometry-and Associated Parameters.

I

! Figure Sc is the separated siamese image of the external
sawcut connected to the upper pipe surface. The exceptionally

( sharp contrast images define the crack height and length with
| extremely high resolution. Measurements of through-wall pene-
; tration can be easily'obtained using simple measurements di-

rectly from the image. The predicted internal crack height andt
'

length are 8.3 mm and 4.5 mm, respectively. A through-wall
| penetration of 61% is predicted on' the basis of image measure-

ment.
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Figures 5d''and e are the 3-D images of the internal and
~

external sawcuts illustrating the additional-information that
- is available'using thiseformat.

.

Figures 6a', b, c, .d, and e illustrate the shear wave tandem
- construction. geometry ' and associated . images _ of the . vertical,

- sawcut .in ' stainless steel pipe. This sequence of. tandem images ,

,
was constructed to compare the. image. resolution with the pre--
vious; pitch / catch example. Both the source and. receiver are--'

,
. scanned to provide adequateL. illumination and receivingc aper-
ture. .<

Figure Galis the tandem geometry _ showing the multiple: skip -
bounce illumination and the relationship between the source and
receiver.;

Figure 6b i~s the" siamese image. of . the..~ internal sawcut
I showing the typical (normal / inverted) -image _ connected. along

their baseline. The image is not as sharp as the pitch / catch
1

! (see Figure 5b).

Figurei6c' is -the image of the external. sawcut illustrating'

the unique separation characteristic of a defect not connected
to' the- lower surf ace.

i.

; Figures-6drandie areLthe'3-D images.oftthe internal and-

external;sawcuts.

| -In-conclusion, the= pitch / catch configuration-appears.to
~

exhibit sharper imagesf with greater resolution, as a result of' -

focusingxboth the source and receiver. .In the tandem example,,

only the receivercwas focused at the-defect. (Theory--predicts
1

: greater resol 6 tion is achieved when both:the source. and receiver
are focused on'the. object (i.e., simultaneous source / receiver:

,

scanning).

1
. . . . .

FRACTURE MECHANICS ANALYSES-

| The: objective of:the fracture mechanics analyses on1this
~

E .NDE program is.to apply deterministic and probabilistic fracture
- mechanics - to : guide. the ~. development Lof; in-service , inspection --
requirements. .. Critical! factors of concern are NDE ' sensitivity '

r -

requirements,-' inspection: intervals,--and weld inspectiontsampl--

.ing plans.

FRACTURE MECHANICS ANALYSES OF PTS TYPE' FLAWS'

-A" series of calculations-were| performed'to: consider the
types of -' flaws Ethat are of -concern in' reactor; vessels ' for

-

Pressurized Thermal Shock (PTS) scenarios. The emphasis was on-
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Figure 6. Siamese Image Geometry (SRSS) and Shear Wave Images:
a) Geometry, b) Internal Sawcut, c) External Sawcut,
d) 3-D Internal Sawcut Image, and e) 3-D External
Sawcut Image.
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! NDE uncertainties, and the implications of incorrect measure- I

ments - of flaw size and location. Results are reported in I
Reference 1, which reviews the significant variables of flaw I

depth, length, location, and orientation required for fracture
mechanics evaluations of pressure vessel integrity. Figure 7
shows the range of flaw types considered. The most significant.

findings of the study showed that cladding effects are important
and that ~ flaws 'well below the cladding to base metal interface
need-to be considered in-PTS evaluations.

'

SASEMETA -

CLADDINO

/

|
,

~
J

/ / [
W SURFACE FLAW OF FINITE LENGTH (c) SUBSURFACE FLAWS IN BASEMETAL (e)SUBSUAFACE FLAW WITH6N CLADDING

2

,
,

b

/ / ./ h

% N! ?(b)"LONG* SURFACE FLAW (d) SUBSURF ACE FL AW IN
(f) SUBSURFACE FLAW PAR ALLEL

2.*.SE METAL AND CLADulNG TO VESSEL SURF ACE

Figure'7. Flaws of. Interest' to In-service Inspection and-

Pressure Vessel Integrity.

,

Figures 8 and 9 show typical results for the critical ratio
.

of crack tip stre's intensity factor to the local fracture tough-s
- ness ' of the J vessel material . Figure '8 indicates .the' ef fect of .
subsurface. flaw location and orientation. Clearly' flaws with
orientations parallel to the vessel surface have.no significance

[ to vessel' integrity. The-predictions:also show the relative
~

bsurface flaws having orientationsi importance-of different su
'

normal to .the surface of the vessel. One can tolerate a'. flaw at
the quarter-wall location that- is nearly four times as large as
the critical flaw near the inner surface of the vessel. However,

,

i
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Fracture Evaluation.

flaws at the quarter-wall location are not likely to be detected
by the UT methods currently applied in the U.S. for near-surface
examination.

Figure 9 addresses the issue of underclad cracks extending
into the cladding material. Current NDE methods as practiced 'in
the field are not suited to detect or measure cracking in
cladding. These fracture mechanics predictions have been used
to evaluate the limitations that result when there-are large
uncertainties about the presence of cracks in the cladding of'a
vessel.

The results of these calculations are being used to guide
the development of improved NDE methods. The primary conclu-
sions are'as follows:

The importance of flaw depth measurements, as empha-.

sized in current NDE practice, is reinforced by the
,

results of the' fracture-mechanics analyses.
'

It.is also important to measure the length-and loca-.

tion of - flaws becuase these . parameters can be as
critical as depth in estimates of-flaw severity.
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Cracks with orientations parallel to the surface of.

the vessel are benign. -It is thus important that NDE
measurements provide a reliable characterization of
flaw orientation so that' the significance of detected
flaws can be_ correctly evaluated.

Cladding has a significant effect on crack propaga-.

. tion. Flaws solely or partially in vessel cladding
may be more significant than underclad cra'cks in the
base metal of a vessel. It is important that NDE
measurements reliably. detect and size cracks in clad-
ding to assure that fracture mechanics evaluations are
based on realistic assumptions and inputs.

The most critical subsurface flaws are those near the.

clad / base metal interface. Priority should continue
to be given to detecting and sizing such flaws.

Flaws located up to a. quarter-wall thickness- from the..

vessel inside surface can also impact vessel integrity
under thermal shock conditions. Such deeper flaws,

should not be neglected during in-service inspection.
Improvements are required in existing practice to
assure the detection and sizing of such deoper flaws.
Further analyses should be performed to better define
the region of examination and required detection cap-
ability. These analyses should consider a broader
range of vessel embrittlement conditions and thermal
shock transients.

PIPING RELIABILITY USING PRAISE CODE

A series of. piping reliability calculations has been com-
pleted at Lawrence Livermore Laboratory (LLL). .These calcula-
tions were performed for PNL as part of the NDE/FM program and
were based on data from the PNL piping inspection round robin.
Existing fracture mechanics models developed at LLL for the
probabilistic fracture mechanics PRAISE. code were applied to
evaluate the impact of alternate inspection scenarios on piping
system reliability. Detailed results of these calculations are
given in Reference 2.

The LLL fracture mechanics calculations were for two actual
incidents of service cracking:

thermal fatigue of PWR feedwater line nozzles.

cracking of safe-end nozzles of BWR recirculation.

. lines.due to IGSCC.
,
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The detection probabilities described as poor and good were
based on PODCI curves which represented the range of performance
measured in the round robin on austenitic stainless steel. The i

advanced detection capability was an estimate of the level of
performance that may be achieved within the limitations of field
procedures and existing technology.

Figures 10 and 11 provide a summary of the results of the
PRAISE code calculations. As can be seen the predicted leak
probabilities are high for both cases, and this correlates well
with the actual service experience. It can be noted in Figure
11 that there is a clear advantage to the elimination of the poor
team by replacement with a team showing a good level of NDE
reliability.
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Figure 10. Thermal Fatigue of PWR Feedwater Line Nozzle.

The calculations have evaluated two service failure inci-
dents using the probabilistic fracture mechanics approach.
Based on the analysis results for the selected scenarios, the
following observations can be made:

1. An ef fective in-service inspection program requires a
suitable c'ombination of flaw detection capability and
inspection schedule.

|

|

|
|

|

315 |

|



|

1.0

09 - ISIPe od

_
.;p,,,.. / ' ' '-

-

.

> 0.7 -

/
'

" Poor" Inspection - Minimum ASME
'

3 .

g / Requirements

$ O.6 -

5 2 Year,

0.5 -
ISI Pereod " Good" Inspection 80% Probabihty ofe

* Detection and Correctj / Interpretation IPO DCD

g04- [
| .. .. / _ f" Good" , , __ ___ _ ,_,

" Advanced inspection" 90% PODCIu . 7 e

_

" Advanced" NDE Rehabihty

01

0 I I l i I I l l
0 6 10 15 20 25 30 35 40

Years

Figure 11. Intergranular Stress Corrosion Cracking of.BWR
Recirculation Line Nozzle Safe End.

2. An augmented inspection schedule is required for those
particular piping lines with fast growing flaws to
ensure that the inspection is performed before the
flaws reach unacceptable sizes.

3. The first in-service inspection is the most -important
one, if flaws have the potential to grow to critical
size in the early stage of plant life.

4. For the PUL round robin study, the improvement in leak
probability reduction from the good team to the ad-
vanced team is less than that from the poor team to the
good team. '

POSITION PAPER ON PIPING ISI

A near term objective of the NDE/FM program at PNL is to
draf t a comprehensive position paper on in-service inspection of;

reactor piping. The generation of data from the piping inspec-
tion round robin and the associated fracture mechanics calcula-
tions to evaluate the implications: of these data have been
important steps in the evolution of the docun.ent. This document
will deal with the larger issues of how 'ISI can improve the-
safety of systems and components in operating reactors. As such,
it will address requirements for weld inspection sampling plans

t

f
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and inspection intervals, as well as qualification requirements
for UT personnel, equipment, and procedures.

Efforts to date have been to identify the general types of
criteria that might be used to define acceptable ISI perform-
ance. Candidate criteria have been proposed as follows:

1. ISI is employed to reduce the failure rate of a par-
ticular component below a specified threshold value.*

2. ISI is employed to reduce the failure rate of a com-
ponent by a specified f actor relative to the estimated
failure rate for the scenario of no ISI.

3. ISI is. employed on a component because it satisfies
'some cost ef fectiveness criteria, in that ISI produces
a ,large reduction in failure rate for each safety
dollar spent.

4. ISI is employed to find generic failure modes in a
reactor population sufficiently early, so that other
corrective actions can be performed.

5. ISI is employed as part of the " defense in depth"
approach to assure system safety. In this role, ISI
provides a means to address the uncertainties that are
known to exist in the design a..d fabrication of com-
ponents.

In future work PNL staff fron. the field of Probabilistic
Risk Assessment (PRA) will apply the methods of value impact
analyses. This effort will_ help to identify the proper role and
justification for piping system ISI within the overall context
of reactor safety. Inherent in the value impact type of
evaluation is the balance between risk reduction and costs.

Recently completed PRAs for the contribution of inter- -

granular stress corrosion crackir.g (IGSCC) to piping unreli-
ability in boiling water reactors (BWRs) will be the starting
point for evlauations of the role of ISI in reducing risks.'

| These calculations will look at the range of costs and benefits
associated with different ISI options.

i

9

'

FUTURE WORK
i

The major activities to be addressed during FY85 include:
complete the qualification document, complete the equipment
interaction matrix study, extend pipe inspection round robin
results to other pipe diameters and wall thicknesses, complete

(
.
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advanced UT technique evaluation, complete the study on inspect-
ability of IGSCC through weld overlay, continue suppor.t - of
international NDE reliability activities include CSNI and PISC
II, and extend probabilistic fracture mechanics and probabil-
istic risk assessment to aid.in evaluating criteria for defining
acceptable ISI performance.
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DEVELOPMENT AND VALIDATION OF A REAL-TIME
SAFT-UT SYSTEM FOR INSERVICE INSPECTION OF LWRs*

S.R. Doctor,.H.D. Collins, L. P. Van Houten, S.L. Crawford,

T.E. Hall, A.J. Baldwin, R.E. Bowey, R.P. Gribble
Pacific Northwest Laboratory

Operated by Battelle Memorial Institute

1.0 INTRODUCTION.

A three-year program is underway at Pacific Northwest-
Laboratory (PNL) to move the synthetic aperture focusing tech-
nique from the laboratory into the field to inspect light water
reactor (LWR) components. The objectives of the program are:

Design, fabricate, and evaluate a real-time flaw detection.

and characterization system based on SAFT-UT for inservice
inspection of all required LWR components.

<

Establish calibration and field test procedures..

Demonstrate and validate the system through actual field.

reactor inspections.

Generate an engineering data base to support Code accept-.

ance of the real-time SAFT-UT technique.

The program scope is defined by the following:

Conduct laboratory tests to provide engineering data for.

defining SAFT-UT system performance.

' Completa the development of a special processor to make.

SAFT a real-time process for ISI application.

Fabricate and field test a fieldable real-time SAFT-UT.

system on nuclear reactor piping, nozzles and pressure
vessels.

.

This report-is a summary of highlights from the second
year 's.ef forts. The major areas of work to be presented here are
the field trips, the efforts to implement the tandem method, the
various attempts- at decreasing the SAFT processing computation
time, methods to expedite envelope detection, and next year's
efforts.

; * Work supported by the U.S. Nuclea'r Regulatory Commission under
Contract DE-AC06-76RLO 1830; Dr. J. Muscara, NRC Program
Manager.
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-2.0 TVG AMPLIFIER FABRICATION AND IMPL" MENTATION
,

' The field SAFT system requires digitization of the acoustic
RF signal (not fdetected). 'The range-of the digitizerJis 8 bits,
which relates to 255 levels or.a 48-dB dynamic range. Because

! a focused beam is used,.the~ signals received from flaws cover a
-much' greater dynamic: range. -If a conventional linear: fixed gain
: amplifier is used, the large signals will be saturated-when high
: gains are used to see'the:small signals.

,

To keep-allithe signals,within the dynamic range of the
digitizer, a TimelVariable Gain (TVG) amplifier must;be-used.
This TVG~ amplifier has two: parts: 1) a gain controller which

~

.

'

; generates the control function, and :2) a voltage ~ controlled
; -amplifier.

;
_

Preliminary specifications for the voltage controlled am-
plifier-portion were developed covering-the following:

:

Packaging. ;

Preamplifier input impedance and protection.

4

Total. system gain and. voltage controlled range.

Bandwidth.

Input noise, output swing, and dynamic range.

Overload : recovery..

Documentation.
,

p

j A company experienced in supplying state-of-the-art hybrid
~

and discrete amplifier modules to industry agreed .to develop a -
~

voltage . controlled amplifier to our preliminary specifications.
Af ter considerable effort, this company delivered a prototype ~.

,

: Preliminary . tests have shown Jthe ' prototype to perform-
-closely to .the specifications. Further. tests |andithe develop-
ment.of the gain controller module is~' currently being carried:>

;out.' Upon- completion' of the, tests,ethe TVG-amplifier shall be: *
,

installed' and : tested 11n the field SAFT' system. The results of:
these tests shall be used:to develop the final speci-fications fo'r
a.new TVG' amplifier.; .

,

i
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3.0 LABORATORY EXPERIMENTS USING TANDEM SAFT-UT
|

The sizing of vertically oriented defects using conven-
tional UT and SAFT-UT has not been successfully demons rpted,
even though detection of these defects is quite reliable. le The
difficulty with sizing these defects appears to be related to the
fact that most of the ultrasonic energy returned to a transducer,
operating in a pulse-echo mode, follows a " corner bounce" path.
The time of flight of 'a pulse following this path is nearly the
same as a direct propagation path to the back surface. These two
paths are illustrated in Figure 1. Because the time-of-flight
profiles produced by these two paths are nearly identical, all
of the corner bounce information is placed' at the back surface,

yielp2gggooddetectionreliabilityandpoorsizingreliabil-i
ity.

b
Corner Bounce Path

Direct Path

\

%

Figure 1. Direct and Corner-Bounce Propagation Paths for
Ultrasonic Energy from a Pulse-Echo Transducer.

An experimental program is underway to improve the sizing
reliability of SAFT by making pse of an alternate means of data
collection, called " Tandem".(3) The tandem technique is a
transmission technique for producing SAFT images and is illu-
strated in Figure 2. A small transmitting transducer, producing

Scanned-
Transmitter Receiver

s /b , $"hhh
$3[gg eam\\ gYT f@:::% Transmitter
f B..;.K[ .ff .'

k $ hh ,hY NB::t
, Q

W s2Y \h %
Figure 2. Tandem Transmission Technique for Produ'cing SAFT

Images.

321



. _ ~. - .

,

i

I

e

.

|
1

.

l

.i

a divergent sound. field, is used to illuminate a volume to be
imaged. Some number of skip bounces' are used for this illumina-
tion, usually three or_five. half-V' paths. . Data is collected'
'using a scanned receiving transducer and an image is formed using
~ SAFT processing-by taking the bounce-paths into consideration
when calculating the time shifts used for processing.

To'SAFT process each' image. point using tandem data, four.

different propagation paths must be considered as illustrated in
Figure 3. :The time of flight associated with all four-of the
paths must be calculated and to do this the absolute thickness
of the specimen'and the location'of the transmitting transducer

. . , .. ..

1 ,

t ..

:
,,_ .. ,

h h i

\ \, ,

N/ V'

- . . . ._.

Y l

N.,

' N e,,
V ~)

,,- -

b f

N /N\ .

N/ W
$ -Figure 3. Four Different Propagation Pathsffor Ultrasonic
! Energy Produced by'the Tandem Transmission

Technique.

nith respect to the scanned: receiver aperture must'be known.
Analysis of ' Figure 3 shows that two transmit propagation paths
and .two receive propagation paths must be considered. Figure 4 -
illustrates the transmitter paths more clearly. Let'XT and Xp
represent the X coordinates'of the tran'smitter and processing..

: points'within a specimen of thickness T.- To process the imai!;e
point at D, the two. time.of flights needed are:

r

-

i-
L
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| Figure 4. Two' Propagation Paths-(A and B) from Transmitter
-to.a'-Point at D.

,

P.- X )2 +.(NT + D)2_fy (1)-TA= (X T

V(Xp .X )2 + (NT - D)2 /v (2)L
; . TB= T

where TA and'TB represent the _ times associated 'with transmitter
paths A and B, respectively; v. is the velocity;of sound'in the

_

material;. and N is the number of skip bounces used (in this case
N=3).

Figure 5 .shows the two receive paths'whichimust;be con-
sidered for a receiver located at X . :To' process the image point-R
at D,' two receiver' times needed are:

" j' u. *(
__;1' y --

.

'

.

g.. ..

Figure 5. Two Propagation Paths-(A.and~B)4from'a Point at D
~

to the. Receiver.i

4

'RA = Y(XP - X )2 + (T - D)2 fy- :(3)'R

Y(Xp-X)2+(T+D)2~fy _ (4)'

RB= R

It should be noted that the.' receiver _ time shif ts are dependent:
only on:the position of the receiver relative to image' point and
-not to any absolute position. It-is possible,'therefore, to
store the times RA and RB in look up tables to minimize the' amount
of computation. required.

A program call'ed TSAP has.been written which implements the
tandem-processing procedure - out1ined-- above. The program has
been written Especifically' toihandle the signals produced . by.
corner reflectors (i.e., machine. defects andEvertically ori '

.

ented: cracks) and-so it makes.use'of only paths 2 and 3 as

.
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described in Figure 3. The program allows the user to choose
L

between (either or both) of these paths at run time.

Figure 6 shows preliminary results of TSAP using a machined !
| defect. The defect consisted of a 1.0-in.-deep sawcut located

in a 2.5-in.-thick aluminum test block. From the reconstruction
shown, it is evident that TSAP properly orients the defect
vertically. The defect appears as a continuous indication 1.0- ,

in. In depth. (The reader will recall from previous reports that
( normal SAFT processing for this type of defect produces images
| which consist of two separated indications: one bright indica-
| tion at the back surface and a second weaker indication near the
'

top of the defect. ) The image in Figure 6 was produced using TSAP
| and specifying path 2 for processing.

.

,

!
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Figure 6. P eliminary Results of TSAP Output (one inch saw-

cut in 2.25 inch thick aluminum test block). SAFT
pulse-echo technique used.

,

,

{
For planar defects which are not vertically oriented or for

;

diffuse reflectors, it may be necessary to also include paths 1 |and 4 of Figure 3. Further experimental work is planned in this
|

area using thermal fatigue cracks and ultimately IGSCC.
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|
4.0 SAFT SOFTWARE PROCESSING EFFICIENCY - 1

ATTEMPTS TO REDUCE PROCESSING TIME

In;this section a variety of-issues and techniques which
_were considered to improve the SAFT processing speed are re-
ported. The issues studied can be. divided into two sections: 1)

';

hardware / operating system and 2) application specific sof tware.
Under this second item a. number of subtopics will' be addressed
such as data storage format and software processing logic.
Improvements in SAFT processing speed have been achieved as a
result'of this work.

4.1 HARDWARE /0PERATING SYSTEM ISSUES

SAFT processing of UT data is being. performed on a VAX
11/780. This machine is operated using a virtual memory operat-
ing system (UNIX at the University of Michigan and VMS at PNL),
which provides the computer with the ability to simultaneously
handle very large-programs and very large data sets. To be
specific each process or program running on the computer might,
for example, allocate 20 Mbytes of memory, even though only two
Mbytes of physical memory are present within the machine ~. The
characteristics of the operating system handle the swapping of

j needed data and instructions from virtual memory ~(physically
located on disk) into physical memory (RAM). This swapping is
handled transparently as .far as the user application program is
concerned.

i Since the swapping (sometimes called paging) operations
required in a virtual memory operating system requires input /a

output (I/0) with the disk, they can significantly affect the
performance of the SAFT data processing programs. Two a t tempts
were made to change operating characteristics of the computer
that would minimize the amount of swapping required. First, the
physical memory was expanded from 2.5 Mbytes to approximately 4
Mbytes. Second, more physical memory was allocated to the batch
. job area in which SAFT| data processing was usual _1y performed.
The combined effect of these-two changes produced a slight
improvement in the processing speed of the machine. Programs ran
about 10 percent ' faster; ~ however, the amount.of swapping (page
faults) did not apparently decrease. One marked benefit of these
changes was that response time for other interactive users of the'

. system was noticeably improved. 'As a result of this work, it
became obvious that some modification of the specific applica-
. tion software was required in order to achieve significant-

improvements.,

4.2 APPLICATION SOFTWARE ISSUES
~

Over the; past year much ef fort has been' directed toward
optimizing the SAFT processing'as performed on the1VAX 11/780.
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- It was evident from the onset.that the processing software, as
it existed . at that time, was not efficiently utilizing the
architecture of the VAX. A number of sof tware modifications were
- considered in an attempt to reduce-the time required for SAFT
data processing. Three modifications are described.

' 4.2.1 Reduced Data-Storage

'The software- developed at the University of Michigan
evolved.over a period"of about seven years. During that time
much of : the o hardware used for SAFT-UT data collection was,

changed. One' change involved switching from a 10-bit transient
recorder to an 8-bit transient recorder. To accommodate the data '
'taken by the 10-bit transient recorder,- each waveform datum was
stored ,in a-16-bit.(short) integer format. -_The most recent data

-

.a'cquisition systems have made - use : of an'8-bit transient re-
corder. Data can be.storedtin an 8-bit, unsigned character
format, thereby reducing the data' storage and I/O requirements~

by.a factor;of two without|affecting data. accuracy. This new
- data. format was implemented upon the data acquisition programs,
as well as all of the University of Michigan ~ processing programs
and related libraries. . This change has resulted in'about.a 10

~

-

percent _ improvement in data-processing speed because less swap-
ping is required during the processing-phase. The change has
resulted in a greater. improvement-in computer throughput and
operator productivity, because data handling-requirements have
been. reduced substantially.

4. 2. 2. Software Processing-Logic

Because the above modifications and additions resulted in.
only modest improvements in SAFT - processing _ speed, serious
redesign of the programming logic was undertaken in an effort to
reduce the amount of" disk swapping and hopefully _- increase
processing speed. 'In this section, we describe inLsome detail,-
the' logic of two programs: a University of; Michigan written

'

program (SAP)' designed to perform:SAFT: processing, and a PNL
.

version of _the same program (FSAP), which ~ subtantially.-reduces
the amount.of. virtual memory-swapping 1 required.for SAFT data-
processing.

;A. general purpose' synthetic aperture processing program
called SAP was analyzed. |Aiskeleton of the processing portion
'of this program'is shown'in. Figure 7. A two-dimensional.look-
up : table is'. calculated _ at ieach depth and then this; table is
applied to-process 'all center Aiscan points at this depth. The
data -is ' processed plane byoplane. This_ . logic . minimizes the-
hmount of calculation which- must be performed and relles 'on
memory managementiof the ' computer to access al1 needed data
points. The dif ficulty with this approach lies 'in the order in
which raw data . files are. stored: raw data files 7are1 stored ;

'

'
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For each depth:

{
Calculate a two-dimensional look-up table of shift
infurmation at this' depth

For each center A-scan x and y position

{
For each off-center-A-scan x and y position

{
Use look-up table to fetch and add all contri-
buting points-

}
-l

}

Figure 7. Skeleton of Logic of the Processing Portion of a
General Purpose Synthetic Ap'erture Focusing Pro-
gram (SAP).

sequentially as A-scans, and this processing logic fo'rces the
data to be accessed as planes. In other .words, as a page of data

'
is swapped into physical memory to access a particular point on
an A-scan, it is unlikely that any of the other data on that page-
will be of use in the immediate future. A paging operat. ion is
therefore needed-to access each data point.

A second version of SAP, called FSAP, was implemented with -
somewhat different programming logic. Figure 8 shows a skeleton
of this new version. Before the main processing loop is entered, .
a large three-dimensional look-up table'is generated containing
all ofithe appropriate time shifts'for every point within~the-
transducer sound field. The main processing' loop picks' a center

-

A-scan position and then processes for each depth. In?effect,
the data is processed as A-scans' (as it is stored)-rather than
as planes. As- a. page of memory is' swapped in to physical memory
to access a particular point-on an A-scan, the'following data
points will be used in the processing which immediately follows.

A comparison of SAP and FSAP was performed on a' data-file
containing.1281~A-scans, each 585 points in length.' SAP pfo-'

cessed this file in 105 minutes and generated nearly-2,000,000.
instances when - the- CPU had to: wait for : disk swapping (page.
. faults). -.FSAP. processed -this : same dataifile- in 32 minutes and

,

generated only 8500 page faults. By reducing' the memory manage-
4 .

! ment' and paging tasks, a factor of three improvement in process--

.ing.-speed was achieved. ~ Images - produced by?both processing'
programs looked the same.

,
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Forceach-depth:
{

For each off-center.A-scan x,y~ position in local aperture;
.{

Calculate a three-dimensional look-up. table of shift
information4

:}.

}-
For each-center |A-scan x,y position
{ ,

For cach depth
{

For each off-center A-scan x,y position in local
aperture-
{

Use look-up table to fetch and - add contributing
,

points
)

}
}

Figure 8. Skeleton of Logic of the. Processing of FSAP.
1

i

4.2.3 Selective Processing-

In . analyzing the . data -collected by the SAFT system, it -is'
apparent that there is a very large . volume of-data. It is also
apparent that a large fraction of this data contains very little

. Information, since most of the. volume being inspected contains
! no defects. To take advantage of this frequent occurrence of

null data, a selective processing technique was implemented to-,

significantly reduce processing time.
;

i The method chosen to achieve: selective processing-is rela-
tively simple. For any given flaw, the- A-scan centered on that
flaw will typically receive the -largest reflection. Therefore,
itris logica1 'to analyze' the center A-scan of 'a given aperture>-

to make a decision concerning processing. .The magnitude:of'the-

center A-scan signal is tested prior'to processing of .that point.
If this value~ is not- above an' operator selected threshold
. (typically:-20 dB of maximum value), then:no.off-center A-scans
are summed and the single center..A-scan i;s retainedEfor the-

processed . value. However, if the value tested is aboveLthe'
threshold, then processing occursinormally and allEassociated
off-center A-scans are summed into~the processed value.,

; The operator may' choose not to implement selective' pro--'

cessing simply by entering 'a threshold ' level of -40 dB or less.

f
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The results of selective processing are quite significant.
A typical pipe data' file was used for speed comparisons. The old
- program (sap) processed and' envelope detected the data in 71
minutes, while the new technique. performed this in 6 minutes (a
- ratio of 12 to 1). The resulting images were comparable in

~

quality and prov!ded tho'same characterization information.

In ' pipe situations (typically 1.3 inches in thickness)
approximate real-time speeds are achievable on the VAX 11/780.
The' previous example was processed at a rate of 7 A-scans per
second,.while real-time is considered to be something greater
than.10 A-scans per second.

The field system will be utilizing a VAX 11/730 rather than
a 780 which will reduce the actual field processing speed some.
It is anticipated that the field system, using- the current
software without a hardware SAFT processor, will perform pipe
.SAFT processing at a rate of -2 to 3 A-scans per second. This is
an estimate based on the comparable speed of the two processors,
but trial _ test runs have not been performed to date.

5.0 ENVELOPE DETECTION TECHNIQUES

Envelope detection is required ~by the SAFT-UT. process to
transform the bipolar, RF ultrasonic waveforms'(either. raw or
processed data) into unipolar, video waveforms. The' objec tive

'

of this section is to review the digital signal processing theory
behind envelope detection . techniques. The purpose of this
review is to document the technique , as -implemented - by the
University of Michigan and to describe a related technique based -
on the use of digital filters. Another technique has~ been shown -
to run in 'sof tware approximately L five times faster than.the
previous technique based on Fourier transforms.

5.1 BACKGROUND

A measured ultrasonic signal v(t) can be represe'nted math-
- ematically as some complicated, real. envelope function e(t)
modulating a sin'usoidal carrier frequency sin (2nft)

v(t) = e(t) sin (2nft) (5)
,

where f is the center frequency of the pulse and t is time. One
means of deriving the envelope function from the measured signal .
makes(4)it necessary to subject'v(t) to a Hilbert transforma -

'

tion. In '' the time domain, the Hilbert . transformation is
defined asithe convolution of the original signal with the kernel
(-1/nt):

1
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V}'11L( t') - [. dt' (6)

In the ' frequency domain, 'the Hilbert transform can be expressed
as a multiplicative -filter where positive frequency components
are multiplied by .+1 and negative frequency components are
multiplied by -1. The Hilbert_ transformation is equivalent to
an allpass;f11ter where the-amplitudes of_ spectral components-
are:left' unchanged,- but,their phases _are altered by plus or
minus n/2 depending upon the sign of f. The . mathematical
representation of-this filter is [i sgn (f)]. In effect then

VHIL(t) = e(t) sin (2nft+n/2)-= e(t) cos (2nft) (7)

where we have phase shifted-the carrier by n/2.

At this point. the envelope function can easily be derived
from the original signal

HIL (t)]1/2 (8)c(t) = [v2(t) + V 2

From the above discussion, it is clear that the Hilbert trans-
form, which is. needed to produce the envelope function, can be

~

implemented in either the frequency domain or the time domain.

5.2 FREQUENCY DOMAIN TECilNIQUES

By far the most ef ficient means -for implementing the Hil-
bert transform in the frequency domain'is to make use of the Fast
Fourier Transform (FFT). This process can be represented as
follows:

VggIL(t) = FFT-1[[i sgn''(f)]'FFT [v(t)]]. (9)

The forward FFT transforms v(t) into the. frequency domain, where
i t'. is multiplied .by the Hilbert transform filter' and then
transformed back to the time domain by means of the inverse FFT.
The computational complexity of'this process depends on: the
' number-of points used'to represent the waveform v( t). If M-
. points _. are :.used to represent the waveform, then M log 2 M
multiplications and additions are needed to perform the two FFTs
and M multiplications are needed to perform the frequency domain
filtering. operations.

'

'

- 5.3 _ TIME DOMAIN TEC!!NIQUES-

In : the : time domain, the Hilbert ' transform can be imple-
mented as a finite impulse response (FIR) digital' filter (h)
which _can be represented as a' series of N coef ficients. Such a
filter is applied:by time domain convolution:
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N/2
Vi= I vi_j * hj (10)

j=- N/2

where V. represents the output and v represents the filter input.
An FIR filter is noncausal because the present output V is
dependent upon the present input (j=0), as well as past (j>0)i and
future (j<0) values of the input. Implementing an FIR filter
requires M x N multiplication and additions where M is the number
of points in the total waveform and N is the number of points in
the FIR filter.

By comparing.the complexity of time and frequency domain
techniques, it is evident that the t]me domain will be more
efficient for short' length FIR filters and the frequency domain
technique will be more ef ficient than long FIR filter lengths.
The break even point occurs when

M + 4M log 2 M=MxN. (11)

For typical waveforms processed, M = 1024 and so the break even
point occurs for N less than 40. Performing envelope detection
using an FIR filter less than 40 points in length will be faster
than an FFT implementation'of the same algorithm.

5.4 FIR FILTER DESIGN

A general FIR' filter design algorithm was implemented so
that an envelope detect
be designed and tested.{on scheme based on digital filters could51 The test program allows for a variety
of FIR filters (lowpass, highpass, bandpass, bandstop, differ-
entiators, and Hilbert transformers) to be designed.

Figure 9 shows the performance of a combined bandpass and
Hilbert transform filter. The coefficients of the filter are
represented graphically in the upper right corner of the figure,
and the power spectral density of these coef ficients are shown
in the major portion of the figure. The filter was designed to
eliminate the low and high frequency portion of the signal and
to-perform a n/2 phase shift on the central portion of'the
spectrum.

Figure 10 shows an envelope detection algorithm imple-
mented using two digital filters. The "Hilbert and Bandpass"
module was demonstrated in the previous figure. The Bandpass
module was designed'to have'the-same spectrum; however, the
bandpass filter does not produce any phase shift.
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.

; Figure 11 shows the performance of this algorithm at
' various stages of the detection process. Panel A shows the input
j signal, an RF pulse within the passband which has been added to
| continuous high and low frequency noise. Panels B and C show the

outputs of the Ililbert and Bandpass modules. Their filtering
characteristic is obvious; however, the relative phase shif t is
hard to detect. Panel D shows that the output of the detection
algorithm produces the true envelope of the input pulsed signal.
Panel E shows the result obtained when the absolute value of the
filter outputs are simply summed. This is not the true signal
envelope in-the rigorous mathematical sense, but it does provide
a more easily calculated representation of the envelope by
avoiding the squaring / square root function.

.
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This digital filter envelope process has been implemented
in current SAFT processing and benchmark tests have shown it to
be five times faster than the FFT implementation of the same
algorithm. It should be noted that the particular filter coef-
ficients chosen will only perform properly with waveforms sam-
pled at 4 to G points / wavelengths.

6.0 FIELD SYSTEM DEVELOPMENT

At the outset of this year, the data acquisition system had
been assembled and initial tests on the system were complete.
This year has been spent testing and enhancing the field system.
The testing ef fort consisted of many laboratory trials, but most
important were the field tests. The system was taken to the
field for data acquisition in the real world environment three
times. These trips were to:

General Electric BWR training facility for inspection of.

the PISC II block.
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Dresden Unit 3 for inspection of the recirculation system.

piping.

Vermont Yankee for inspection of the recirculation system.

piping.

These -field trips were extremely valuable for pointing out the
system deficiencies as well as reinforcing our confidence la the
capabilities of the overall system concept. Although the
complete SAFT field system is not complete, the data acquisition
system works well.

Although the trip to General Electric BWR training facility
did not give us experience-in an actual nuclear power plant, it
was valuable for testing the portability of the system. Also,
it gave us experience-scanning flaws in pressure vessel mate-
rial.

Prior to this trip several changes were made to_ the system
to accommodate data acquisition on thick material. The record
length for data storage was increased from 512 bytes to 1024
bytes. This allowed longer A-scans to be stored. The scanner
was extensively modified to allow a larger scanned aperture.
This was important since larger synthetic apertures are possible
with thick material - larger apertures yield higher resolution.
This modification, lengthening the scan axis, has proven valu-
able in subsequent field trips for increasing the flexibility of
the scanner. One other enhancement had been previously planned
- the use of a square wave pulser in the ultrasonic system. This
produces a more broadband ultrasonic pt. l se in the . -material
which, in turn, enhances depth resolution of the entire system.

Several problems involving. low line voltages with periodic,

| voltage drops and motor pulses from the positioning _ motors

( coupling through to the received RF signal were encountered in
San Jose. Af ter these were overcome, routine scanning was begun.

e,

Due to our lack of familiarity with ' scanning on 10" thick
material, many more views than: absolutely necessary_(six per
volume of interest) were taken. In addition to several cali-
bration scans done on side drilled holes,'seven volumes were.
scanned with a. variety of -flaw depths. Because of a backlog of

|
data from other sources and the amount of PISC II data, process-

; ing and analysis ~of this data is not complete. Of the portion
| that has'bcen' completed, results have been very good.
|

So with the confidence that the system was indeed portable
and that-it would work in an environment where conditions are not

! _ carefully. controlled, we returned to PNL to improve the. system
and- prepare for our first' field exercise to a' nuclear power .
station. Changes to the system included the addition of 200 feet
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of cable so that the electronies package'could remain'outside of
the' containment. area. Since'a transducer cannot drive a long
< cable,--it was necessary to add a remote pulser and preamp for the
UT: system. .This_' addition enhanced the signal quality consider-
ably when compared to the conventional methods used previously'.

.

During this! period,.the SAFT field system was extensively
tested _on pipe samples in the laboratory that contain IGSCC-

. defects. This' gave us experience in image analysis and helped
t us- define the actual system ! capabilities. Data collection was
performed.in the pulse echo mode using the highest frequency.
possible ~ while _ retaining' a high 1 signal-to-noise ratio. The
frequency was 5 ~MHz or 2.25'MHz depending'on the ultrasonic
quality of the. stainless steel 'and the material thickness. As~

thef tests went on, a trend developed: ' detection of flaws became
'relatively routine, and crack ~ length could -be accurately deter-
mined. Crack depth information using this technique was not
: routinely available. It was expected that the tip'information

~

of IGSCC would be enhanced by the SAFT- technique. However, any
enhancement was not suf ficient to make these features visible in
the processed images. This lack of depth information would later
be addressed using the new technique of SAFT-Tandem, which uses
two transducers and does not depend on crack tip diffraction for
depth sizing as does the pulse echo method.

With confidence in our detection capability and little
expectation for crack sizing, we embarked.on a field exercise to
scan .some -selected problem areas ~ in the _ recirculation system of
Dresden Unit 3. These welds were areas 'where two separate. teams
disagreed over whether or not--indications. were due to geometry
or IGSCC. Four volumes were scanned in 28", pipe and-one scan was
done on' 12" ' pipe. Four out|of the five volumes showed no
indications that could'be attributed'to cracking.

One questionable area did exist. in one of-the scans. 'There
was a small (1/4" long) crack-like indication in one image.-
There were also considerable low level indications that occurred
up .to_'one inch away =from the weld and' extended the ~ length of 'the
scan, Lat or near the back ' surf ace. _ ' A. core ' sample was taken' in
this area and no crack was found. 'Instead, it was' found that'the-
back' surface had been ground, clad, and' ground smooth again.'

The system operated flawlessly at.Dresden, bu't some'defi-
ciencies were identified. : ~The regions near the welds were'of ten
: obstructed ~, = making scanner placement - difficult at times and
impossible incone~ case. For this reason; the scanner has beens

shortened 1by over- 5" L in' ' length, while still maintaining . the.
capability for t ai6'E scan length. ~It'was'also' determined that-
voice communication between the' system operator and the' person
placing'the scanner was absolutely necessary. tPrior to this,

~

(
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communication consisted of relaying information from the oper- |
'

ator through a helper to the scan head placer, or gestures over2

i the closed circuitLTV_ system.

While? changes were being made . to - the system, the SAFT-
Tandem" technique was developed and implemented. This inc1uded'

,

- extensive changes to the SAFT algorithm to allow for.the new'
-

' geometric assumptione used in the two transducer mode. The
images from this technique are far1better.than the-images from
' the pulse echo method. Not only do they give depth information,
the reconstructed image is easier to. analyze. . Also, the weld
root indications, which were sometimes difficult to separate

j. from the crack indications, 'are not ~ imaged well'. and no longer
pose a problem.

! One other important change was._made to the system at this
time. Time variable gain (TVG) and a receiver with exceptionally,-
high signal to noise ratio |was added to the system. The high S/N

.

,

! greatly enhanced our imaging capabilities.in materisis where
high gain settings are required. This made the resultant images

.

1 clearer. TVG was_ necessitated by the front surface ringdown
affect caused by excessive reflection as the ultrasonic energy

.

enters the test piece. This control allows us to image nearer.,

| to the front surface.

| Other equipment changes were made during this period. A new;
. motor and power supply were added, allowing axial scan speeds as .
2 high as l'.25" per second. A parallel gimbal transducer mounting
i was added giving better transducer-to-pipe contact and orienta-
! tion. Contact transducers were tested and found to be adequate

(but not superior) for imaging 'in pipe' using, the pulse. echo
method. Testing using the 'SAFT-Tandem method and. contact

| transducers has not been completed.

In July we had our_.most demanding. test ofLthe SAFT_ data2

! acquisition system, and SAFT in_ general. 'We went to Vermont,
Yankee to develop an independent evaluation.of.the condition of

,

| certain recirculation system welds.- These were regions _where
~

indications ' identified' as' IGSCC in 1983 'had' decreased in extent-

or had been reclassified as geometry _or metallurgical indica-
tions -in ~ 1984. The ~ 1984. inspection was f ar more extensive than . *

the 1983 inspection, involving more advanced equipment'such'as ;,

!. the ALN-4060'and a P-scan system.-. Also the inspectors were more

}- experienced ~with.IGSCC detection in the 1984_ISI.- '

t

! The equipment once again came through the-trip, unscathed:
| even though the field system crate was damaged when an airline -
I worker '' dropped ' the system of f .of . a forklift.. 'As further

~

| testimony to the portability-of the. system, it started up'with
.

' no problems.-. We proceeded to scan'nine welds with the pulse echo

|
|

i 336

~

,

. . ..,;,. ,, L _ 4,4,- _ . , m



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

i

|

technique. SAFT-Tandem was used on three welds where substan-
tial indications were located and where clearance was adequate

I for proper positioning of the scanner.

| Analysis of this large volume of data was accelerated by the
use of very fast programs developed prior to the trip. This made
possible the timely report that followed the trip. Typical
examples of results can be seen in Figures 12 to 15. The report

,

i basically substantiated the results of the 1984 ISI. However,

| there was one exception where we called a small region cracked
| that was called not cracked in the 1984 ISI. The area we
} disagreed on could easily confuse a manual UT inspection since,

,

j in addition to the crack, there were substantial geometry i

]
indications. '

|
l

Figure 12 shows an image from weld 59 at Vermont Yankee |j~
(1.25 inch thick stainless steel) and is typical of the images |

using the pulse-echo method. This is a cross-section view of a i

; crack present. Toward the bottom of the image (the 1.75 inch to
j 2.0 inch region) is the crack indication. The cloudy region to ;

: the right is due to the weld material.
;
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Figure 12. Cross-sectional View of Weld 59 at Vermont Yankee.
SAFT pulue-echo technique used.
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Another view of the same crack indication is shown in Figure
13. This view is perpendicular to the weld and shows the length
characteristic of this particular crack.
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Figure 13. View Perpendicular to Weld Area of Vermont Yankee
Weld 59.

|

|
|

SAFT-Tandem technique results are shown clearly in Figures
)

14 and 15. The material, again, is weld.59 at Vermon Yankee.
Figure 14 shows a cross-sectional view, while Figure 15 shows a
view perpendicular to the weld area. Note that this method
provides suf ficient detail to characterize accurately, both the
length and depth of the crack indication.

At the review session following this trip, a long list of
changes to the system was drawn up. Analysis of hiis list showed
many convenience items and few major problems. The most substan-
tial problem encountered was electronic equipment overheating
in the very warm environment. This problem was taken care of in
the field with a few fans. A more long-term approach has been
to heat sink some high current components and rework some modules
to allow more adequate air flow. A need was also identified for
easier implementation of the SAFT-Tandem technique. The solu-
tion to t h.i s problem is presently in progress and involves
redesign of the scan axis of the scanner, to allow scanning of
both transducer =.
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Figure 14. SAFT-Tandem Image of Vermont Yankee Weld 59.
Cross-seetiona1 view.
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i Figure 15. SAFT-Tandem Image of Vermont Yankee Weld 59.
I Viewed perpendicular to weld.
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Other work presently underway but not complete include:

Analysis of CCSS-data previously taken. Initial.results.

look very promising for detection of IGSCC and CCSS.
l

Inspection of IGSCC in 10", Schedule 80 pipe samples.. .

Analysis of transducer combinations for .the SAFT-Tandem.

technique.

Analysis of the correlation between image and crack depth.

.in SAFT-Tandem.
'

In _ summation, the most important point is that ,the SAFT data
acquisition system is a mature and' flexible system that can be
used for ISI. ~It'is well prepared for integration into the final
real-time SAFT: system when the processing and display modules

,

are prepared. The system has had many tests and the equipment
and procedures have had many substantie.1 r.odifications. Some of
the more important of these developments were:

Three successful field exercises.

- Inspection of PISC II at General Electric BWR training
facility in San Jose, California.

- Inspection of recirculation piping at Dresden Unit 3.

- . Inspection of recirculation piping at Vermont Yankee.

I Establishment of the pulse' echo-technique as a detection.

technique.
,

Development of the SAFT-Tandem technique for sizing.! .

7.0 FUTURE ACTIVITIES
|

j Complete assembly of field analysis equipment and soft-.

: ware. .

Develop field calibration procedures..

Redesign scanner for tandem mode. implementation.'.
.

Finalize optimum inspection procedures .for IGSCC and CCSS..

~Further-field trials on nuclear' reactor components.
| .

Reduced processing time..
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Workshops on'SAFT technology..

Code Activities..
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EVALUATION OF METHODS FOR LEAK DETECTION IN REACTOR PRIMARY SYSTEMS
I

AND NDE OF CAST STAINLESS STEEL

D. S. Kupperman and T. N. Claytor
Materials Science and Technology Division

Argonne National Laboratory
Argonne, Illinois 60439

and

D. W. Prine and T. A. Mathieson
Chamberlain Mfg. Corporation

GARD Division
Niles, Illinois 60648

ABSTRACT

No currently c"ailable, single leak-detection method combines optimal
leakage detection sensitivity, leak-locating ability, and leakage measurement
accuracy. Technology is available to improve leak detection capability at
specific sites by use of acoustic monitoring. However, current acoustic
monitoring techniques provide no source discrimination (e.g., to distinguish
between leaks from pipe cracks and valves) and no leak-rate information (a small
leak may saturate the system). Leak detection techniques need further im-
provement in the following areas: (1) identifying leak sources through location
information and leak characterization, to eliminate false calls; (2) quanti-
fying and monitoring leak rates; and (3) minimizing the number of installed
transducers in a " complete" system through increased sensitivity.

Six cracks, including two field-induced IGSCC specimens and two thermal--
fatigue cracks, have been installed in a laboratory acoustic. leak detection
facility. The ICSCC specimens produce stronger acoustic signals than the
thermal-fatigue cracks at equivalent leak rates. Despite significant differences
in crack geometry, the acoustic signals from the two ICSCC specimens, tested at
the same leak rate, are virtually identical in the frequency range from 200
to 400 kHz. Thus, the quantitative correlations between the acoustic signals
and leak rate in the 300-400 kHz band are very similar for the two ICSCC speci-
mens. Also, acoustic background data have been acquired during a hot functional
test at the Watts Bar PWR. With these data, it is now possible to estimate the
sensitivity of acoustic leak detection techniques. In addition, cross-
correlation techniques have been successfully used in the laboratory to locate
the source of an electronically simulated leak signal.

,

I The adequacy of current inspection techniques for cast stainless steel (CSS)
| piping has not been demonstrated. For the near term, improvements that may

increase the reliability of ultrasonic inspection include (1) the development of
i methods to establish the microstructure of the material (to help optimize the
|

* Work supported by the U.S. Nuclear Regulatory Commission, Office of Nuclear
Regulatory Research.

|
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. inspectiontechniquh),(2)calibrationstandardsthataremorerepresentative '

" - - of Lthe material to be -inspected, ani'(3) the use of cracked CSS samples for
training purposes.- :For the long term,-it will be necessary to establish (1) the
variability of the microstructure of CSS,.(2) the effect'of microstructure on
inspection reliability,'and.(3) the degree'of improvement possible with tech-
niques'and equipment designed specifically for CSS, e.g., focused transducers
and lower frequencies than those used conventionally.

~

-I. LEAK DETECTION IN REACTOR PRIMARY SYSTEMS :

- A' . - Background

No' currently availabile single leak-detection method combines optimal
leakage detection sensitivity, leak-locating ability, and leakage measurement '
accuracy. For example, while quantitative - leakage determination "is .possible
with condensate flow monitors, sump monitors, and primary coolant inventory
balance, these methods are not adequate .for locating leaks -and are not
necessarily sensitive enough-to meet regulatory guide goals. The technology
.is availableoto improve leak detection capability at-specified sites by use of
acoustic monitoring or moisture-sensitive tape. However, current acoustic
monitoring techniques provide no source discrimination (e.g.. to distinguish
between leaks from pipe cracks and valves) and no leak-rate information (a
small leak may saturate the system). Moisture-sensitive tape'provides neither
quantitative leak-rate information nor specific location information other
than.the. location of the tape; moreover, its usefulness with " soft" insulation
needs to be demonstrated. Hence, leak-detection techniques need further-
improvement in the following areas: (1) identifying leak sources through
location information and leak characterization, to eliminate false calls; (2).
quantifying and monitoring leak rates; and (3) minimizing the number of in-
stalled transducers in a " complete" system through increased. sensitivity.

B. Objectives

The objectives of the leak detection program are to (a)' develop a facility
- for the quantitative evaluation of acoustic leak detection (ALD) systems;. '

(b) ass'ess the effectiveness and reliability of ALD techniques;-(c) evaluate a
prototype'ALD system;-(d). establish the sensitivity, reliability,'and decision-
making. capability of a prototype system through laboratory testing; and (e)
assess the ef fectiveness of field-implementable- ALD ' systems. The program will
establish whether meaningful quantitative data on leak rates and location can
be obtained from acoustic-signatures of leaks due to IGSCC and fatigue. cracks
in' low- and high-pressure lines, and whether these can be distinguished from:

other. types of leaks. It will also establish calibration procedures for
acoustic data acquisition ~and show whether advanced signal; processing can' enhance
the. adequacy |of ALD schemes.'-

|.

|

~ '
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1C. Review of Current Practice
.

Regulatory Guide 1.45. recommends =the use of at least three different
. detection methods in reactors-to detect leakage. -Monitoring of both sump-

j'
s

. flow'and airborne-particulate radioactivity is mandatory. ~A third method-'

can' involve.either monitoring of condensate flow rate from air' coolers or
.

Although>the current methodsmonitoring of: airborne gaseous radioactivity. :
~

used for leak detection reflect .the state of ;the art,. other techniques may
,

t be~ developed and used. Regulatory Guide-1.45 also recommends-that leak rates
~

from identified and unidentified. sources be monitored separately to an
! accuracy of 1 gal / min,*?and that-indicators and alarms for leak detection be

provided in the main control room.'
,

Since the' recommendations of Regulatory' Guide 1.45 are not mandatory,
;- the technical specifications for 74 operating plants' including PWRs have-
; been reviewed by the -present authors' to determine the types -of leak detection

methods employed,; the range of limiting conditions for operation,' and the'

~

; surveillance requirements.for the leak detection systems.:

All. plants use at least one of the two systems specified by Regulatory
i Guide.l.45. 'All but'eight'use sump monitoring, and all but'three use par-

| ticulate monitoring. Monitoring of condensate flow rate from drywell air'

{ coolers and monitoring of atmospheric gaseous radioactivity are also used in
! many plants.
! I

{ The allowed limits on unidentified coolant' leakage are shown'in Fig. 1

i (upper panel). The limit for'all PWRS is-1 gal / min, whereas the limit for .

I most BWRs is 5 gal / min. The limits on total leakage (Fig. 1, lower panel)
are generally 10 gal / min for PWRs and 25 gal / min for BWRs. (Regulatory

; Guide 1.45 does not specify leakage limits, but does suggest that the leakage

j detection system should be able to detect a 1-gal / min leak in 1'h.) In some-
cases, limits on rates of increase in leakage are also> stated in the planta

technical specifications. Two BWRs'have a limit'of 0.1 gal / min /h; four have'

a limit of 0.5 gal / min /h.

Surveillance periods for BWRs and PWRs are indicated in Fig. 2-(upper
j panel). Leakage is checked every 12 h in most PWRs, and every 4-or 24 h in
d most BWRs. One BWR specifies'that a continuous monitor with control. room

alarm shall be operational. 'The intervals'between successive system cali--

| brations and checks are. indicated in Fig.'2 (lower 1 panel). Fo r- BWRs ,Jeali-
bration.is generally performed at.18-month intervals; functional tests'are
performed every month..

.

i.

I -Generally speaking, reactors rely on sump pump monitoringito establish.

! the presence of' leaks. .0ther methods appear'to be less. reliable or less
L convenient. . In most reactors the surveillance. periods are too long to:
j' detect a 1-gal / min' leak in 1 h, as suggested by Regulatory Guide 1.45, but.
cr- it appears that this sensitivity could be achieved if monitoring procedures.

were modified. None of the systems provides any information on leak. location,'
.

i and leaks must be located.by visual examination after' shutdown. Since,

| cracks 'may close when the reactor is ' shut down, reducing flow rates ' con-
.

siderably, it would be desirable to be 'able: to locate cracks during plant'f-
,

' operation.

3- Conversion factor: 1 gal / min = 3800 cm 7,gn,*
q ,

'344 1;q.

s.
,

'
d. : J 4

- .

, A

_ r3 yw % v..- ,, 9 yw .6- 9 -, .g.f.. , .- , .. < 9 - m y --



+f>@h\'

NY j <fe|I/g[[/jg/#o 9 IMAGE EVALUATION

k/f7p \f $7>//
f

+f %g $[4' //
TEST TARGET (MT-3) 4

'

+ <-

l.0 if 2 M'

y jj El
I.I [/* E

- 1

1.25 1.4 i.6
_

< 150mm >

< 6" >

# *> f4,

#v?,$L- - ~f +>h//h7/ <

< #w+#o
4h

,

_., m# I I- %s .-



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

40 -

@BWR

Wh
-

EPWR
y 30 -

U$ 25 -

bE E

5|20
-

50 -

@BWR $g 15 -p
z 40 - so .

E PWR Z2
30 -

10 -

5
-

5 -o
O I I,

g 10 - 0 4 8 12 16 20 24

5 |! I : SYSTEM CHECK INTERVAL (hours)
O I 2 3 4 5

UNIDENTIFIED LEAKAGE (gol/ min)

W 5d aw

5 g $ @BWRog # W 9s 50o50 - gg 6 H J
,, @BWR EPWRm

40 - 6 $ 40 -U N$
a m - z<

EPWF.
3o - ' E 30 b hg

a W Em
o 5 o 20 - 95 e20 -

7 g;g5
10 - S$ I

~ gy

--

' "" 'd I* ' * " *
10 20 30
TOTAL LEAKAGE (gol/ min) SYSTEM-CAllBRAT!ON OR FUNCTIONAL-TEST INTERVAL

Fig. 1. Amounts of Unidentified and Total Fig. 2. Surveillance Periods (Top) and Test,

Coolant Leakage Allowed at BWRs and Calibration Intervals (Bottom) for
PWRs. Conversion factor: 1 gal / min = BWRs and PWRs.
3800 cm3/ min.

.

4

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



.~ . . . - . . . . -. . - . . .

.

E
,

-

,

?

..

_ . The estimated sensitivity of leakage monitoring is occasionally addressed-

- in the technica11 specifications. For example, one specification indicates
;that air particulate monitoring can,.in principle, detect a 0.013-gal / min;; ,

-

-leak in 20 min, that the: sensitivity of gas, radioactivity monitoring is
-2-10. gal / min, and that the sensitivity of condensate flow monitoring is-
0.5-10 gal / min. Continuous sump pump monitoring appears capable of detecting

' '

L a-1-gal / min leak in 10-60. min.-
,

:The impact of Reactor Coolant Pressure Boundary leakage detection' ,

systems on safety was| evaluated for eight reactors as part of the Integrated,

'

Plant Safety AssessmenE-Systematic Evaluation Program (SEP) and described in; '
eight -SEP reports -(NUREG-0820 through -0827) . In four of the:eight reactors '

. evaluated,|a 1-gal / min leak could not be. detected within 1 h; and four of'

the eight" reactors did not have three leakage. monitoring systems, contrary.
to the suggestions in Regulatory Guide.1.45. The: fracture-mechanics and-4

leak rate calculations in the SEP.' reports are. consistent with other. studies
~

.
which indicate |that (1)' current leak detection systems will' detect through-

0' wall cracks 10-25 cm (4-10 in.) longtin 12- to 28-in. piping within one day,
! and (2) current leakage limits wi11' necessitate plant action after such &

detection event. .Since these cracks are-much smaller than those-required to
produce' failure in' tough reactor piping, improved leak detection systems may,

.

offer little safety benefit-for this particular class of-flaws when crack
growth occurs by a relatively slow. mechanism. However, the_SEP reports
state that local leak detection ' systems may-be necessary for some postulated-
break locations where separation and/or restraint is not.a practical way to,

# mitigate the effects of'a high-energy pipe break.
;

Although current leak detection systems are adequate to ensure.a leak-
!

- before-break scenario in the great majority of situations, the possibility-
that large cracks may produce only low-leak rates must.also be considered.
This could arise because of corrosion plugging or fouling of relatively-,

p slowly growing cracks or the relatively-uniform growth of a long crack-
, before penetration. In such cases the time required for a small leak to be -
*

come a significant leak or' rupture could be'.short, depending on crack geometry,
pipe loading, and transient loading (a seismic or water 1 hammer-event).
Furthermore, with existing-techniques such~as sump pump monitoring, no infor-

- mation on' leak' location is available.-

The shortcomings in existing leak detection' systems are not simply a
. . . . matter of conjecture. The'Duane-Arnold' safe-end cracking incidents and-
''

Indian' Point Unit 2 fan ~ cooler leak' age indicate'that the sensitivity and
reliability'of. current leak detection systems are clearly inadequate in'some

L cases. Inithe'Duane-; Arnold case, the. plant was: shut down on the basis of the
operator's . judgment when a leak rate of 3 gal / min was detected; however, .,

this leakage rate is|below the' required' shutdown' limit for almost.all BWRs
(see Fig;c1). . Examination of'the l'eaking safe-end showed that cracking ha'd~

; occurred essentially completely around'the' circumference. -The crack was.
i? i throughwall' over 'aboutt 20% of the ' circumference and ~50-75% throughwa11L in

. the non-leaking area.

Simply tightening'the: current leakage-limits'is notian adequate solution.
'

to these shortcomings, since'this might produce.an unacceptably high number
- of spurious shutdowns owing to the inability |of current-leak detection.

; _ systems to'identifyJ1eak sources. ~

i
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One other~ safety-related aspect of improved leak detection systems con--

- -cerns radiation exposure of plant personnel. Improved systems with leak
location. capability could reduce the exposure of personnel inside the con- |
tainment and could present an attractive alternative to augmented ISI.
Improved leak detection is consistent with the defense-in-depth philosophy
of the'NRC.and would lead to earlier detection of system _ degradation.

D. Technical Progress

_1. Comparison of Acoustic Leak Data from Different Crack Types

Two IGSCC specimens, two therm'al fatigue cracks (TFCs), and one mechanical
'

fatigue crack (FC) have been installed in the ALD facility at-ANL. The,

crack widths and lengths at the pipe outer. surface are indicated in Table 1.
Figure 3 shcws acoustic. leak data acquired from these five cracks. These
data are normalized to a 375-kHz acoustic emission (AET-375) transducer on a
waveguide with a water temperature of 260*C (500*F) and pressure of 7.7 MPa
(1100 psi). i The largest' correction is . for the' mechanical fatigue crack
FC_#1. Corrections for the other data are less than 6 dB. Transducer signals
indicated in Fig. 3 are for a- 300-400 kHz bandwidth and represent the signal
after electronic noise levels are subtracted. -The acoustic signals from the
fatigue cracks vary approximately as (leak rate)0.7
from the IGSCC vary approximately as (leak rate)0.37.whereas the signals -Frequency analysis
also indicates less dependence of acoustic signal on frequency for the IGSCC,

! specimens than for the fatigue cracks. An analysis of the frequency spectrum
may provide-information on the source of acoustic leak signals. .The excellent
matching of acoustic leak data in the 300-400 kHz range for the two IGSCC

~

specimens, despite their different geometries, suggests _that it may be
possible to derive leak rate information from the: amplitude of the acoustic
leak signal in this frequency range.

Table 1. Outer-Surface Lengths and Widths of' Cracks Used in
ALD Studies

i Length, Width,
Crack cm um.

4

ICSCC #1 0.23 90
IGSCC #2 1.10 60-80-
TFC #1 2.64 75-1004

TFC #2 1.24- 40-100
FC #1 10.52 150-200

-Detection'of a leak requires that S,= S7 y i + PG > 0,_where-T -N
= signal excess at detector output, S = source level (affected by wave-

S,ide geometry, insulation, and circumferential position), T7 ~
,

gu = transmission>

y
loss down pipe, N = background noise le9el,.and PG =_ system gain (all in dB).
Theacquisitionokacousticleakdata,backgroundnoiseestimates (from Hatch
and Watts Bar), and attenuation data' allows a rough estimation of the sensi-

'~ tivity of an ALD. system under-field conditions. Figure 4 shows predicted;
signal-to-noise ratios (in d3)"vs distance'along a 10-in. Schedule 80 pipe
for three leak rates and three levels of estimated acoustic: background noise.~

~
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Fig. 3. Acoustic Leak Data from the Cracks Listed in Table 1. Data
are normalized as described in the text. Signa 1' amplitudes
are for a 300-400 kHz bandwidth af ter electronic background

noise is subtracted.

'

'The highest level is estimated from the maximum acoustic level obtained during
the Watts Bar hot functional test when the reactor was at operating. temperature
and pressure. The lowest level is obtained from an indirect estimate of
background noise from Hatch and the assumptions that the reactor acoustic
background level will vary by a factor of 10 in the plant and that the measure-
ment at Watts Bar was an upper-limit value. The striped area suggests possible
enhancement of the acoustic signal for a 0.1-gal /mincleak rate in a situation
where the leak plume strikes the reflective insulation. Results of laboratory.
experiments'suggest that for leak rates greater than 0.02 gal / min but less
than 0.2 gal / min, signals could be enhanced significantly, given the correct
circumstances. The following equation has been used to generate the curves
of Fig. 4:

+ H 0.01'C R 1 0. , (1)S = 20 log ~

+ 7 to D 13m10 B

where S is the signal-to-noise' ratio in dB, R'is the leak rate.in gal / min,
B is the acoustic background level in pv (4,'20, or 40), and D is the distance
from the leak in meters. . Equation (1) assumes _a. signal loss of 4.5'dB for

is assumed.to vary as (leak rate) g loss of 1.7 dB/m.
the~firstE2 m. followed by a furt The acoustic signal

~

A 6-dB signal enhancement is added to.

the 0.1-gal / min curve to indicate how the presence of: reflective insulation
could improve the signal-to-noise ratio. For low acoustic background. levels,
a'1-gal / min leak would be detected at a distance of 11 m. With a high back-

~

ground 1evel, this leak would'be detected'only at a distance of 1_m.
w

Acoustic leak data have niso been obtained from a small (.'3-mm-diam) valve-
with a stem leak. An AET-375 transducer,on a waveguide attached directly to-
the valve body, was employed to acquire data'from a 0.01-gal / min, 270*C (520*F)
leak. The-signa 1'obtained was 35 dB above:the electronic background level;
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This is considerably higher than signals obtained from IGSCC specimens with
similar leak rates. Further analysis of valve leak signals is in progress
to establish whether valve leaks can be distinguished from crack leaks.

Studies have also been carried out to establish the effect of "Nu-Kon"
fiberglass insulation on the generation and attenuation of acoustic leak
signals. Analysis of the results suggests that this " soft" insulation has very
little effect on the generation or propagation of acoustic leak signals.

e e

2. Spectral Analysis of Acoustic Background Noise

The background noise data acquired during a hot functional test of the
TVA's Watts Bar Reactor in Tennessee has been evaluated with regard to spectral
content. In this test, an AET-375 transducer was mounted on the accumulator
safety injection pipe on the cold leg of loop 2. A 25.4-cm-long waveguide was
employed. The responses of this transducer to the acoustic background noise
and an acoustic leak signal were compared. The acoustic leak signal response
of the very-broadband NBS-designed IQI-501 transducer served as a reference.
The frequency spectrum of the acoustic background noise showed a slight (<2 dB)
drop in amplitude in the 250-kHz region when compared with a monotonically
decreasing background noise curve. This adds some further support to the
belief that the optimum frequency window for acoustic leak monitoring is 200--
400 kHz.

3. Cross-Correlation Analysis

Results of recent experiments on the application of cross-correlation
analysis for acoustic leak location have been encouraging. Electronically

* generated white noise, simulating acoustic waves from leaks, was injected into
the 10-in piping of the ALD facility. Strong correlations were obtained in the
200-400 kHz range with " matched" AET-375 transducers on waveguides separated
by a distance of about 1 m. These tests were carried out on a part of the
pipe run that was filled with water and included an elbow with two welds.

Figure 5 shows the cross-correlation function for a simulated leak signal and
waveguides separated by 1.4 m. The acoustic source consisted of a white noise
generator driving a PZT-5 pressure-bonded crystal on a rod threaded into the
pipe between the waveguides, 0.1 m from one waveguide. The peak is slightly
off center, as expected. The radio frequency signals were envelope detected
before being analyzed by a Spectral Dynamics 375 signal processor. A wave
velocity of 1400 m/s was calculated from the 0.86-ms transit time difference
and the 1. 2-m dif ference in waveguide/ signal-source separation. This is close
to the velocity of longitudinal waves in water (1500 m/s). When the pipe is
filled with water, the acoustic leak signal is propagated predominantly through
the water. With the pipe drained, the measured velocity is close to the
velocity of surface waves in steel, as expected. Correlations for leaks
through field-induced cracks were evident, but they were much weaker than for
the electronically generated acoustic waves. This may be the result of the
complex geometry in the vicinity of the ICSCC (pressure vessel below the
crack, heating bands, and extensive welding in the vicinity of the crack).
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Fig. 5. Cross-Correlation Function for Simulated Leak Signal. The source
4

is located between two AET-375 transducers on waveguides, which i

;
are separated by 1.4 m; one waveguide is 0.1 m from the source. |

The radio frequency signals were envelope detected before being
analyzed by a Spectral Dynamics SD 375 signal processor.

;

4. Calibration Procedures

Three calibration procedures are being considered for checking transducer-
waveguide systems after field instc11ation. They are the pencil-lead-4

| breaking method, the gas jet method, and electronic pulsing.

j In the lead-breaking technique, the 0.5-mm-dia lead of a Pentel mechanical
pencil is extended 5 mm beyond the end of the pencil body and is pressed

| against the pipe, at an angle of 30* to the pipe, until it breaks. (If

this technique is demonstrated to be useful, fixtures will be fabricated to
,

j standardize the procedure.) The breaking of the lead was detected by an
! AET-375 transducer mounted on a waveguide at a distance of 0.2 m from the

pipe surface. Excellent reproducibility of the captured acoustic transient
signal was evident from a comparison of the digitized and stored transient
pulses of four successive breaks. This technique may be useful as a convenient
and rapid way to check the ALD system after installation. However, the method
would not be applicable to remote in-situ calibration. This could be carried
out by the gas jet technique or by electronic pulsing.

In preliminary work on the gas jet technique, a jet of nitrogen gas from
the 1.5-mm-dia exit hole of a Swagelok fitting was directed normal to the
pipe surface from a distance of 6 mm. An rms signal (50 kHz to 1 MHz) with a
magnitude 4 times that of electronic background was detected at a distance of
1 m. The broadband IQI-501 transducer was employed to obtain information on
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frequency spectra. The acoustic spectrum from the gas jet shows greater
frequency dependence than does the spectrum from a leak through an inter-

-granular crack. Relatively more signal at lower frequencies is present in
'the gas jet spectrum. Furthermore, most of the detected gas-jet acoustic
signal is in the form of surface waves; this is not the case for crack leaks.

,

It has also been determined that the acoustic signal is relatively insensi-
tive to the exact height of the gas jet above the surface for heights of
about 10 mm. This technique appears to be well suited to remote calibration.
Its chief disadvantages are the inconvenience associated with setting up the
system and problems associated with the presence of insulation.

The sending of electronic pulses to a calibrating transducer is also
under investigation as a technique for remote calibration. In this tech-
nique, an electronic signal is used to pulse a transducer (on a waveguide)
which then generates an acoustic signal in the pipe. Since a different trans-
ducer is used to receive acoustic leak signals, a method would have to be
established for distinguishing anomalous behavior of receivers from anomalous
behavior of pulsers. .The electronic pulsing technique is a relatively simple
procedure for continuous in-situ monitoring of an ALD system. The disad-
vantage is the need for additional transducers on the pipe and possible
problems in coupling the waveguides of the transmitting transducers to the
pipe.

5. Processing of Acoustic Leak Data

Progress has been made in the evaluation of an ALD system that could be
employed in the field. Software accomplishments have included the establish-
ment of a precise test procedure for correlogram computation, the writing of
a new correlation subroutine, and the discovery and elimination of " bugs" in
the operator interaction routines. The leak detector's internal function

generator was enhanced to include exponential enveloping and linear frequency
modulation capabilities. With the aid of the latter, functions with charac-
teristic correlogram patterns were generated and used as data sete for testing
the IEEE FFT-based correlation routines. Autocorrelograms were computed as
expected, but cross-correlograms rarely yielded the expected results. However,
FORTRAN programs computing the straightforward time domain solution for the
same data set yielded the expected results.

Because time domain computations written in FORTRAN take so long to
execute (5 minutes in our test case) and because the tima expenditure in
analyzing the IEEE correlator insuf ficiency was felt to be unpredictable at-
best and prohibitive at worst, a tim, domain correlation routine callable
from a FORTRAN program was written in 68000 assembler language. This routine
has been. tested and found to give excellent results. It also executes in
one-quarter of the time required by the IEEE FFT-based correlator.

A serious bottleneck in the processing of ALD data is in the transfer of
the raw data from the transient signal recorders in the CAMAC crate to the
host computer system. Currently, the communications link consists of a
Kinetic Systems Model 3989 RS-232 crate controller interfaced to our Dual
Systems 83/20 computer system through a Dual SIO/DMA Intelligent Four-Port
Serial I/O board.

!

i
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The main problems faced are as follows: (1) The serial I/O board allows
direct memory access (DMA) transfer on output only; on input, the host CPU
must transfer the data one byte at a time into primary memory. (2) Since
the host computer's operating system is a multiuser, multitasking system, we
are allotted only small " time slices" in which to accomplish the transfer.
Apparently, the duration of one such time slice is not sufficient to allow
the transfer of an entire block of data from the transient signal recorders

to the host computer.

To overcome these problems, we have decided to use a bit-parallel rather
tLar an RS-232 byte-serial interface. A parallel interface is, with proper
handshaking, inherently faster than a serial interface. A brief investigation
of the commercially available systems for parallel interfacing of a CAMAC
crate controller to an IEEE-696-standard backplane computer showed these to
be generally too expensive and too inflexible for our needs. For this reason,

we intend to add a parallel port to the existing (serial interface) crate
controller. The crate controller PROM firmware will be partially rewritten

to support parallel transfers. In addition, we will design an I/O channel
controller for the host computer system. This controller will have the
ability to drive the host's buses on both output and input operations. Since
the controller will have complete control of the host system's resources
during CAMAC crate I/O operations, the interference from the host's operating
system will be completely avoided. Using the CAMAC block transfer protocol,
we will be able to transfer an entire block of data at one time, without
concern for operating-system housekeeping activities.

Additional efforts to speed up the data processing are being applied in
the area of special-purpose signal processing hardware. As it now stands,
the transfer of acoustic leak data from the transient signal recorder to S-
100 RAM is the single most time-consuming operation in the entire data re-
duction process. This situation will change appreciably when we have modified
the CAMAC crate contro11er-to-S-100 bus interface so that' data can be trans-
ferred in parallel rather than serially; a 50-to-1 improvement in transfer
time is expected. At that point, the main cause of delay will become the
correlation algorithm itself.

6. Evaluation of Moisture-sensitive Tape

Tests have been carried out to help assess the effectiveness of moisture-
sensitive tape for leak detection. Tapes were supplied by Techmark. Figure
6 shows a schematic representation of the facility used for these tests.
Leaks are simulated by feeding water through a copper tube to the surface of
a 10-in. Schedule 80 pipe. The tapes are located at three positions on the
bottom of the pipe, which is tilted approximately 1* as indicated. The pipe
is wrapped with either reflective insulation or " soft" insulation (Nu-Kon).
The " soft" insulation allows water vapor to penetrate to its outer surface
and severely limits the useful range of the tape. Table 2 shows the response
time of the tape under various experimental conditions. With Nu-Kon in place
and the tape placed directly below the leak (test 10), a 0.05-gal / min leak
could be detected in about 12 min. With the tape 2 m away (test 11), the
leak could not be detected. However, when the reflective insulation was used
(test 7) with the same combination of leak and tape positions as in test 11,
the leak was detected in about 10 min. The relative positions of leak and
tape on a slightly tilted pipe can have a significant effect on the response
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Fig. 6. Schematic Representation of Facility Used to Evaluate Moisture-
sensitive Tape. The leak source is placed at one of the indicated
positions along the top of the pipe; the leak sensor is placed
at one of the three corresponding positions along the bottom. The
distance between the center po.2ition and the left or right position
is about 1 meter.

time, as indicated by the data from tests 1-3. In this case, the tape was
able to detect a 0.01 gal / min leak in about 60 min when it was 1 m downstream
of the leak, but it did not detect the leak even after 150 min from a location

1 m upstream of the leak. As indicated in tests 5 and 7, however, larger
leaki ca1 be detected upstream over these relatively short distances.

The analysis of these results suggests that moisture-sensitive tape may
be useful for the detection of leaks in reactors. Under the right conditions,
the tapes can detect leaks of the order of 0.01 gal / min. The tapes, however,
will be significantly more effective in systems that employ reflective in-
sulation. Despite the sensitive nature of the tapes, they do not provide any
quantitative data other than the location at which the system has been triggered.
A large leak a long distance from the tape could cause the same response as a
small leak at a short distance.

E. Summary

Current leak detection practices in 74 operating nuclear reactors have
been reviewed. Although the current leak detection systems are adequate to
ensure a leak-before-break scenario in most situations, there is the possi-
bility that large cracks may produce low leakage rates (from corrosion fouling,
for example). In such cases, the time required for a small leak to become

[ large could be short. In addition, no leak location _information is available
| with existing systems. Simply tightening current leakage limits may produce an

unacceptably large number of unnecessary shutdowns.
!
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Table-2. Response of Moisture-sensitive Tape to Small Leaks

Flow- Water Water Response
Tape Leak Type of Rate,d Tempergture, Pressgre, Time,

Test Location Location Insulation gal / min *F . psi min-

I center center R 0.01 500 1000 3.8

2 right . center R O.01 500 1000 60.2

3 left center R 0.01 500 1000 >150.0

4 center right R 0.01 500 1000 >270.0

5 center right R 0.05 480 770 9.7
6 left right R 0.01 500 1000 >270.0.

7 left right R 0.05 480 770 10.5
8 center left R O.05 500 800 0.3

$ 9 right left R 0.05 500 800 0.5

10 left left S 0.05 450 900 12.0

11 left right S 0.05 500 1000 >65.0

#
See Fig. 6.

Right end of pipe was lower than left (1* tilt).
#
R = reflective insulation; S = soft insulation (Nu-Kon).

Conversion factors: 1 gal / min = 3800 cm / min; 'C = (*F - 32)/1.8; 1 psi = 7 x 10 Pa.

.
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Characterization of acoustic leak signals from ICSCC, combined with
information on acoustic background noise levels, allows acoustic signal-to-
noise ratios to be estimated for a 10-in. Schedule 80 pipe as a function of
distance from the leak. Under ideal conditions, leak rates as low as j
0.1 gal / min may be detectable at distances on the order of 10 m. Tests with i

various types of cracks indicate that quantitative correlations between leak
rates and acoustic signals in'the 300-400 kHz band are possible for ICSCC. j

Recent cross-correlation results with simulated acoustic leak signals and
375-kHz acoustic-emission sensors-on 3-mm-dia waveguides indicate that corre-
lations should be possible.

Preliminary tests have also been carried out at ANL to evaluate a bread-
board ALD system that can carry out cross-correlation analyses (including
averaging), monitor acoustic leak signals, and provide spectral information.

An evaluation of moisture-sensitive tape suggests that under the right
conditions the tapes can detect leaks on the order of 0.01 gal / min when re-
flective insulation is used. Despite the sensitivity of the tapes, they do
not provide quantitative leak data and a large leak at a long distance can
result in the same response as a small leak near the tape.

F. Future Efforts

The capability of acoustic techniques to detect, locate, and size leaks
will be further studied. A breadboard ALD system will be used to evaluate
field-implementable concepts. Leaks larger than those examined thus far will
be studied. These will include IGSCC, thermal fatigue, and, in particular,
valve leaks. These data will form a more significant basis for estimating the
sensitivity and reliability of ALD.

The monitoring of Watts Bar (in collaboration with PNL) will continue.
Additional background noise data will be acquired, along with data from any
seal leaks appearing during reactor start-up procedures.

II. NDE OF CAST STAINLESS STEEL

A. Background

It is well known that the coarse grain size and elastic anisotropy of
cast stainless steel (CSS) make ultrasonic inspection difficult. Although
the ASME code requires inspection of cast stainless piping, it has not been
possible to demonstrate that current inspection techniques are adequate.

B. Objectives

For the near term, improvements that may increase the reliability of
ultrasonic inspection include (a) the development of methods to establish the
microstructure of the material (to help optimize the inspection technique)',
(b) calibration standards that are more representative of the naterial to be
inspected, and (c) the use of cracked CSS samples for' training purposes.
For the long term, it will be necessary to establish (a) the variability of
the microstructure of CSS, (b) the effect of microstructure on inspection
reliability, (c) the degree of improvement possible with techniques and
equipment designed ~ specifically for CSS, e.g. , focused transducers and lower
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frequencies than those'used conventionally, and (d) qualification of require- |

.ments for CSS inspections. 'Recent work carried out at ANL to address some of .i
these points is' presented below.

C. Technica1' Progress

1. Variation of Sound velocity with Microstructure

When CSS material is isotropic (equiaxed grains), the variation in,

j velocity is small (<2%), whereas for anisotropic material (columnar grains)-
the variation in velocity can be as large as 100% for shear waves. The mag-
nitude of the velocity of sound may also be used as a measure of the degree
of anisotropy and'thus as an indicator of microstructure. Relatively low

longitudinal velocities indicate a columnar grain structure, whereas high
-velocities indicate an equiaxed (isotropic) structure.._ Intermediate values
indicate the presence'of'both microstructures. The validity of this concept
has been demonstrated on CSS samples with different~microstructures. Figure
7 shows the longitudinal velocities of sound for seven 400 x 180 x 60-mm
samples;of a 28-in. pipe provided by Battelle PNL and 18 samples of a com-
parable large-diameter pipe provided by Westinghouse. .The Battelle samples
were fabricated from a weldment in which material with a well-defined equiaxed

grain structure was joined to material with a well-defined columnar grain
structure. 'The Westinghouse samples were also made frcm a weldment. These

Ispecimens, however, were machined flat and have a coarse and poorly defined
grain structure.- The velocity of sound was measured by. standard ~ pulse-echo
methods with a 37-mm-dia, 1-MHz transducer. Echo transit times were measured

with a Tektronix oscilloscope. In all cases the longitudinal waves propagate
in a radial direction through the pipe wall. As shown in Fig. 7, the equiaxed
and columnar sides of the Battelle samples'can be easily distinguished by
measurements of the longitudinal sound velocity. Also, the sample-to-sample

j variation is relatively small. The Westinghouse samples, however, show large
! variations in sound velocity from sample to sample as well as within a

sample (two measurements were made on each sample). The wide range of the
values is indicative of large variations in the microstructure of these
samples. This complex microstructure could cause significant, unpredictable
distortion of the ultrasonic waves used to interrogate the material and lead
to an unreliable result.

During'a visit to the Commonwealth Edison Byron Station, sound velocity

was measured'in a CSS / carbon steel reference block and two CSS elbows (one
each on the steam-generator and pump side of the loop 4 crossover).

On the cast portion of the 7.6-mm-thick. reference block, the. longitudinal
sound velocity was measured by the pulse-echo technique at 11 points covering

2about 0.01 m . No significant difficulties were encountered in making these
. measurements.1 The average velocity was 6090 m/s, with a variation of about'

+1.5% due to the microstructure. The relatively high sound velocity strongly
_

suggests that the calibration block has an equiaxed grain structure, which
may be significantly different from the grain structure of the plant piping
and elbows. As a check on the accuracy of the measurement, the carbon steel
portion of the reference block was also examined. A sound velocity of 5890 m/s

.
was obtained, which is consistent with previous data for this material.

I
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| Fig. 7. Variation of Longitudinal Sound Velocity in 1,arge-Diameter CSS Pipe
| Sections. (Upper panel) samples with both columnar and equiaxed
' regions; (lower panel) samples with a poorly defined, coarse grain

structure. Two measurements were made on each sample. Sample wall
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The surfaces of the CSS elbows were, in most areas, too rough for
efficient propagation of ultrasonic waves. Only the smoothly ground areas
adjacent to the elbow-to-pipe welds were amenable to pulse-echo examination;
ultrasonic backwall echoes could be detected in most, but not all, of these

areas. On the pump-side elbow, echoes were detectable at several locations
away from the top of the elbow. Since the elbow and pipe appeared to have
the same wall thickness, the wall thickness stamped on the pipe section was
used as a "best guess" value for the elbow wall thickness. On the basis
of this assumption, the sound velocity in the elbow varied from 5200 to
5860 m/s. This suggests that the microstructure of the elbow was quite
different from the reference block. The wall thickness of the generator-side
elbow could not be estimated because of the elbow geometry, so absolute
velocities were not determined; however, it appeared that the velocity varied
by about 5%. The velocity of sound in the straight (wrought) section was
found to be 5760 m/s, which is consistent with previous measurements on
stainless steel.

Attempts were also made to propagate 1-MHz, 45' longitudinal waves in
the cast material with two transducers in a pitch-catch mode. No backwall
echo was detected in the reference block, which is consistent with the con-
clusion that the material is equiaxed. No echo signal could be detected on
the pump-side elbow, but echoes were present in the generator-side elbow.
Thus, the two elbows have distinctly different wave propagation characteristics.
However, in both cases there was considerable ultrasonic noise.

These results are consistent with the suppositions that ultrasonic
inspections of CSS are very unreliable at best, that ultrasonic-wave propa-
gation characteristics vary considerably from component to component and
within an individual component, and that reference-block material may not be
representative of the material to be inspected.

2. Microstructure and Deviation of Ultrasonic Beams

in an elastica 11y isotropic material (equiaxed grains), the energy in an
ultrasonic beam propagates in the direction of the wavefront normal, as
expected. However, in elastica 11y anisotropic material (columnar grain
structure), the direction of propagation of ultrasonic energy in a beam can
be different from the direction of the wavefront normal. Because of this
phenomenon, it may be possible to distinguish columnar from equiaxed grain
structures nondestructively by examining the propagation behavior of 45' longi-
tudinal waves in the material. Figure 8 shows the predicted propagation be-
havior in 60-mm-thick specimens. For an equiaxed specimen with the transmitter
and receiver placed on opposite sides (Fig. 8a), the maximum acoustic signal
will be detected 460 mm f rom the point directly opposite the beam entry
point. For a specimen with columnar grains (Fig. 8b), the energy in the
beam deviates markedly from the expected 45' path, such that the maximum
signal will be detected at only %16 mm from the point opposite the beam entry
point. As shown in Fig. 8c, the beam in the equiaxed material will be re-
flected to a point N120 mm from the transmitting transducer (following the
expected " full-V" path), while the maximum reflected-beam intensity in the
columnar material will be found much closer to the transmitting transducer
(N32 mm away).
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Experiments were carried out on one columnar and one equiaxed pipe
section to verify these predictions. Two 1-MHz, nominally 45* shear-wave
transducers (1-in. dia) were placed on the outer surface of each pipe sec-
tion, and the separation between the two transducers was varied to maximize
the received signal. Table 3 compares the optimum separations determined in
these experiments with the corresponding predicted values. The agreement is
reasonable.

Table 3. Transducer Pair Separation" for Maximum Received Signal on
Outer Surface of 60-mm-Thick CSS Pipe Sections

Predicted Value, Measured Value,
Crain Structure mm mm

Columnar 32 42
Equiaxed 127 105

"45' shear waves in pitch-catch " full-V" configuration at 0.5 MHz.

D. Summary

Although the ASME code requires inspection of CSS piping, it has not
been possible to demonstrate that current inspection techniques are adequate.
For the near term, improvements that may increase the reliability of ultra-
sonic inspection include (a) the development of methods to establish the
microstructure of the material (to help optimize the inspection technique),
(b) calibration standards that are more representative of the material to be
inspected, and (c) the use of cracked CSS samples for training purposes.
For the long term, it will be necessary to. establish (a) the variability of
the microstructure of CSS, (b) the effect of microstructure on inspectica
reliability, (c) the degree of improvement possible with techniques and
equipment designed specifically for CSS, e.g., focused transducers and lower
frequencies than those used conventionally, and (d) qualification of require-
ments for CSS inspections.
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SUMMARY OF DETECTION, LOCATION, AND CHARACTERIZATION
CAPABILITIES OF AE FOR CONTINUOUS MONITORING OF

,

CRACKS IN REACTORS *

P.H. Hutton, R.J. Kurtz, R.A. Pappas,
J.R. Skorpik, M.A. Friesel, and J.F. Dawson

Pacific Northwest Laboratory
Operated by Battelle Memorial Institute

! INTRODUCTION
J

- A brief review of the program background and format will
serve'to establish a context for the results discussed.

Objective

; Develop acoustic emission (AE) methods for continuous
monitoring of reactor pressure boundaries to detect and evaluate
crack growth.

Approach

The approach involves three phases:

1) Develop relationships to identify crack growth AE signals4

J and to use identified crack growth AE data to estimate flaw

) severity.

2) Evaluate and refine AE/ flaw relationships through fatigue
: testing a heavy section vessel under simulated reactor
'
; conditions.

3) Demonstrate continuous AE monitoring on a nuclear power
reactor system.

The first phase, which is essentially completed,- utilized lab-
oratory test specimens of A533B steel to develop the needed rela-
tionships. Recognizing the dif ficulty of theoretical extrapo-
lation of these relationships to full size structures, the4

! program incorporated phase 2 to accomplish the transition ex-
perimentally. Phase 2 was performed on an intermediate scale
vessel (ZB-1) tested in collaboration with the German Material-
pruefungsanstalt (MpA) in Mannholm, West Germany. Demonstra-
tion of reactor moni toring (phase 3) is in progress, through the

| cooperation of the Tennessee Valley Authority, on the Watts Bar
! Unit 1 reactor.

i
' * Work supported by the U.S. Nuclear Regulatory Commission under

Contract DE-AC00-76HLO 1830.
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DISCUSSION
, ,

The focus of this paper is on the current capabilities
derived from this program for continuous AE monitoring to detect
and characterize flaw growth in reactor pressure boundaries.
The subject will be treated in the following sequence:

Instrumentation.

| Flaw detection and location.

Noise interference'
.

AE signal identification.

Flaw severity estimate.

Inservice hydrostatic testing.

Leak detection.

Instrumentation

Obviously, a fundamental requirement is an AE instrument
system capable of operating continuously over a long period (one
year minimum), capable of withstanding the reactor environment,
and capable of mass data storage. Such an instrument system has
been developed.

| The AE monitor system used in the ZB-1 vessel test performed
'

with very limited problems during the one year duration of the
| test and has continued in use on' laboratory tests since. An
j engineering prototype system for installation at Watts Dar, Unit
' 1 has been developed based on the ZB-1 experience. The instru-

ment concept is shown in Figure 1.

|
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Figure 1. Functional Diagram of Engineering Protot>pe AE
Monitor System.

363

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ -



|

l

The acquisition subsystem, which receives data from the
sensors, is composed of 24 channels divided into six arrays.
Arrays may be composed of 1, 2, 3, or 4 channels. Each channel
has a maximum electronic amplification of 90 dB, which can be
reduced with channel attenuators in 1 dB steps to 14 dB. A 20
dB microamp is used in close vicinity of the sensor to provide
sensor impedance matching and cable driving. All amplifier
stages are linear.

Data collected from each. array consists primarily of 1)
delta-times, 2) RMS, 3) peak time, 4) pulse height, and 5) sensor
hits. Delta-times are used for source location and are measured
with 1 microsecond resolution. RMS is measured on each channel
for leak detection analysis. Peak time and pulse height are
measured only on one channel of each array. Sensor hit totals
are used to determine both sensor functional condition and
signal propagation affects.

All data is recorded on a 67 Mbyte cartridge tape for long
term storage. The data is also passed on a high speed buss to
a DEC 11/73 for real-time analysis.

The system is operated on a menu approach wherein a video
display shows function choices to the operator and a keyboard
lets the operator enter his choice. Once a choice is made, a
series of questions and prompts follow for operator guidance.

Data analysis is performed in a separate subsytem which is
designed to maximize speed and information accessibility with a
minimum of operator intervention. It operates in both an on-line
mode with data directly from the data acquisition subsystem or
in an off-line modo receiving data from cartridge tape,

liigh processing speeds are attained with the use of DEC's
15 Milz, 32-bit J-11 CPU and over 2 Mbytes of RAM memory. System
sof tware residec in battery backed nonvolatile memory eliminat-
ing the need for the slower mechanically based mass storage
devices.

The analysis subsystem allows easy access to information
for personnel not experienced in the details of acoustic emis-
sion monitoring techniques and instrumentation. Front panel
lamps and gauges serve to direct the operator to monitoring
conditions and to instrument conditions such as data storage
device full or hardcopy paper empty. Information concerning
acoustic activity is presented in the form of graphic displays
on a CRT screen. The selection of display type, reactor area of
interest, and information screening is accomplished through the
use of f ront panel switches. With minimal training, the operator

| can characterize acoustic activity according to its location,
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rate, and characteristics (amplitude, rise time, and pattern
recognition classification).

t

Several automated features are integral to the analysis
| subsystem to facilitate unattended operation. periodically,

hard copies of a select group of principle displays are generated
by the system. A modem can be used for remote system access. A
G7 Mbyte cartridge tape unit used for off-line analysis also
serves as a backup real-time data storage device when the primary
storage device in the acquisition system has been filled. The,

data processing rate is about 150 events per second maximum.!

Data rate can be reduced by several variables such as the size
of the sensor array, the length of time that a high data rate is
sustained, and buffer capacity.

|

| The instrument system hardware is illustrated in Figure 2.
i The modules will be installed in existing racks at Watts Bar,
f Unit 1.
!

I A key element of the AE monitor system is a high tempera-
ture sensor. Two problems have been experienced in attempts to
develop high temperature AE sensors to be mounted directly on a
500-0000F surface: 1) the high temperature piezoelectric mate-
rials have poor sensitivity to AE signals, and/or 2) the sensors

| are very costly. Long term acoustic coupling of these sensors
to the structure surface that is acceptable for. reactor use can

! also be a problem. These problems have been overcome by using
metal waveguides with a sensing crystal (PZT5A) and a pre-
ampiifler mounted on the outer end. Figure 3 shows one of these
sensors mounted on an inlet nozzle at Watts Bar, Unit 1. It is
pressure coupled to the surface with a pressure of about 15,000
psi which requires 30 pounds force with the tip design used. The
waveguides are 0.130 inches in diameter which is a compromise
between minimizing acoustic signal dispersion and retaining
needed mechanical strength. These sensors have been usedef fectively on both the ZB-1 vessel test and on hot functional;

testing at Watts Bar. These sensors have been exposed to 1.13
and 1.33 meV gamma radiation at 1.7 x 103 ft/hr for a cumulative
dose of 6 x 105 11 with no degradation.

Summarizing, an instrument system capabic of long term
monitoring under reactor conditions with a mass data storage
feature has boon demonstrated.

Flaw Detection and Location

Given the needed instrument system, the next topic to be
considered is the ef fective) ness of flaw detection and location.In the ZB-1 vessel test,(1 fatigue crack growth from machined
flaws was detected consistently during both low temperature
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(65 C) testing and during high temperature (2880C) testing. The
most significant example of f atigue crack detection during the
ZB-1 vessel test, however, involved an unexpected crack along an
insert . weld. In Figure 4, the weld crack is associated with the
KS07R insert. The illustration is a' roll-out of the vessel
cylinder'with the match line (M/L) running through the KS07R
insert. The presence of a growing f atigue in the weld region was

' identified early in Step 9 by the AE data and called out as such.
This was well ahead of confirmation of the flaw by-ultrasonic
inspection. Another significant aspect is the fact that the+

signals had to be received by AE sensors ten feet from the source
in order to be accepted and located by the monitor. This

provides a calibration of the range of AE detection for 400'kilz
tuned waveguide sensors pressure coupled to the vessel surface.

!
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Figure 4. AE Source Locations, Step 9, Array-3 (65-80 L.p.),
ZB-1.

Stress corrosion cracking (SCC) .is another cracking pro-
cess of major interest. All of our information to date on

;

detection of SCC by AE methods has come f rom laboratory specimens
ranging from 4 inch to 2G inch diameter austenitic stainless
steel pipe. SCC has been successfully detected by AE in all of
these tests. . Figure 5 gives an example of the relatively small

. cracks detected. This information is f rom a test performed with
! 4 inch Schedulo 80 stainless steel pipe.
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Further characterization of AE from SCC is in process in the
laboratory. In addition, a special eight channel AE monitor unit
has been fabricated for the purpose of monitoring selected
piping locations on an operating reactor. We at e still searching
for an ef fective location where this unit can be installed on a
test basis.

In summary, effective detection and location of fatigue
crack growth under simulated reactor conditions has been demon-
strated. Fatigue cracking has been detected by AE prior to
detection / confirmation by ultrasonic inspection. Stress corro-
sion cracking has been repeatedly detected in laboratory tests
using techniques compatible with reactor monitoring.

Noise Interference

One of the major concerns with continuous AE monitoring on
an operating reactor has been the background noise from reactor
coolant flow. Coolant flow poise for both PWRs and BWRs has been
characterized in the past.t2,3,4) Required sensor character-
istics to avoid interference from flow noise were developed
using that information. Results from hot functional testing at
Wat ts Bar, Unit 1(5) showed (Figure 6) that the tuned waveguide
sensors do overcome the problem of noise interference at coolant
temperatures above about 3000F. The sensors used on Watts Bar
are the same as those used in the ZB-1 testing waveguide sensors
tuned to 400-500 kHz and pressure coupled to the structure. At
full cold flow (1500F-400 psig), even the tuned sensors are
ineffective. Increasing coolant temperature brings about a
drastic reduction in noise in the 400-500 kilz f requency range.

,150'F 400 paeg , 360*F . 400 pseg ,460' F .1200 peeg , SSPF . 2238 pere
g

'*
~

,,0. _ _ _ . _ . _

r . _ . -

'

g,. . . -

o . . . .

* *- :
~

4* * * *

-
. _ - _ - _

2. ._ . .

_ _ . -

At SYSTEM RESPONSE TO COOLANT FLOW NOISE

O Cn ACn onowtN AE SIGNAL LEVEL 281 VESSEL TEST

NOTES INFORMAtlON SASED ON 90 dB ELECTRONIC AMPLIFICAflON

Figure G. AE System Response to Coolant Flow Noise - Watts
Bar, Unit 1.
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In summary, the coolant flow noise problem can be overcome
using high frequency tuned waveguide sensors. These same
sensors have shown capability to detect AE at a distance of at
least 10 feet.

AE Signal Identification

One of the key elements of this program is to develop a
method of separating AE signals produced by crack growth from
acoustic signals produced by innocuous sources. Signal

thetechniquechosenforthispurpose.(gqtternrecognition is > The
approach taken is to use signal processing techniques to gener-
ate features related to spectral content of the signals. These
features provide a reduced set of information that. describes
characteristics of the waveform of interest. Standard pattern
recognition techniques are used to calculate decision rules for
classifying the waveforms using these features.

The original set of features used in the ZB-1 test did not
produce satisfactory results. Analysis using waveforms re-
corded on the ZB-1 test showed that it was working to separate
many of the signal types but several of the more similar signal
types were not being correctly identifed.

A second set of features consisting of the parameters of a
10th order autoregressive model of each waveform was developed
out of this analysis. The results using the second set of
features showed some improvement but correct classification was
still only about 75-80%.

In the course of reatesessing the problem, visual examina-
tion of recorded waveforms showed evidence ' of a consistent
three-pulse signal pattern present in practically all waveforms
originating near known and suspected regions of crack growth
(Figure 7). It was determined experimentally that the three
pul.ses are wave modes, traveling at dif ferent group velocities,
and that separation of these wave modes takes place in the
waveguide as a response to a high frequency, short duration input
pulse - i.e. , an AE signal . Incorporation of this feature into
a pattern recognition approach has resulted in correct classi-
fication rates of about 95% when applied to recorded waveforms
from the ZB-1 vessel test.

Current emphasis is on incorporating the pattern recog-
nition technique into the engineering prototype system to per-
form analysis on acoustic signals as they are received.

Summarizing, the original pattern recognition method was
not satisfactory; however, a modified approach utilizing char-
acteristics of the metal waveguide sensors produces a correct
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'

classification rate of about 95% on ZB-1 vessel test data.
Emphasis is now on implementation.

Flaw Severity Estimate

A major program objective is to develop a relationship to
estimate flaw severity from AE data. The ZB-1 vessel test is the
principal vehicle for evaluating a flaw severity relationship
developed in the laboratory. To test the flaw severity rela-
tionship, AE data for each flaw was filtered with respect to
source location, load position, and signal amplitude. This was
done to remove noise sources from the data. With the filtered
information for each flaw, AE rate values were established for
each of the cyclic loading steps. The AE rate in events /second
was then used in conjunction with the lower bound flaw severity
relations desaloped from laboratory data to estimate crack
growth rates in micro-inches /second. Figure 8 gives the experi-
mental AE/ fatigue crack growth rate relationship. Figure 9
shows the crack growth rates determined from the AE data for
Flaws A, B, and C plotted against the crack growth rates deter-

| mined f rom COD and fracture surf ace measurements. The line in
| Figure 9 shows where the two crack growth rates are equal to each
i other. The results indicate that the flaw severity relationship

under predicted the crack growth rates during the low tempera-
1
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|, ture portion of :the test. The under prediction ~may be caused by
~

the-extrapolation ofcthe laboratory relationship to ve'ry lowr

( crack growth. rates .for.which there is no. laboratory data. There

|' ' ~may .also be a cycle rate dependency. on the AE data at low crack.

I growth rates in a water. environment. For the.high temperature 1

( portion of the test, .the relationship tended to over; predict the

| crack growth rate. Results from Flaw B at 5500F seem quite high
| rolative to the - other .~ data' in Figure 9, but these results
< - represent-normal variations in the AE data as can be seen in

Figure 8.

. Flaw severity estimates were also made for the KS07R weld,

!. crack during Step 11 of .the test.- This was the period of maximum
| AE activity. . , The. flaw; severity relationship; significantly

overpredicted the crack growth. rate in this case. AE activity
from. the . weld . crack was extremely . high for reasons not yet
understood.;

In1 summary,- flaw growth . characteristics for Flaws A, B, C,
. and KS07R. weld. cracking have been determined-from NDE,~ crack-
1 opening-displacement and fractographic measurements. This in-

formation was used to establish crack growth rates for compari-
son. with predictions derived from the AE/ flaw severity rela-<

tionship. A test .of the relationship using data from Flaws A,
i B, and.C indicates that the model gave reasonably - good pre-

dictions. . When applied - to the KS07R weld crack,- the model
significantly over predicted crack growth rates. - Analysis will' '

be performed to determine an explanation-.for this.
-

In-service Hydrostatic Testing

- The ZB-1 vessel . test sequence (1}|was designed to provide an
evaluation of the' effectiveness of AE monitoring- to detect flaws
during . in-service -hydrostatic testing of reactor . systems. , The,

results fall into'three categories.
,

'

: One-of the original inserts in the vessel wall was degraded
steelnwhich'the Germans wished-to' test. It contained a.~high
population.of micro 'and macro cracks ~.1 In the course of a hydro
test'(1~.0-x operating pressure) whichswas Step 1=ofJtheJvessel
: test: sequence,-it became evident from AE data and audible-sounds

' ithat the insert was' nearing failure as. operating ~ pressure.was
~

approached. FigureL10 shows the AE response'during the final
, ' portion of the hydro. 'The key feature'is'the continuing AE with

pressure hold on the.lastLtwo. pressure increments.1 The vessel-

test was stopped and the insert was replaced with sound material.,

i Although examination of the' degraded insert - has : not yet - been:
completed, there'is definite evidence that a sizeable crack had

,

;- . generated in the . region indicated by AE.: This resultcsimply:
-

' '

reiterates the t long ~known ability of AE .to - signal impending
_

!
,
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Figure 10. AE Response From Degraded Steel Insert During
flydro Test, ZB-1 Vessel Test,

failure in a structure using an elementary criterion.

In the course of the ZB-1 test, five hydro tests were
performed with increasing over pressure ranging from 1.0 to 1.4
x operating pressure. The first 'four of these covered the over
pressure range up to 1.15. No notable AE was detected from any
of the flaws during the hydro test. Figure 11 which shows the
resul ts from the 1.15 hydro is typical. The largest ID machined
defect had grown to a surface length of 195 mm and a depth of
about 85 mm (70%~ through wall) and the natural' crack in the KS07R
weld was about 20 mm deep (20% through wall). These results
suggest that the flaw detection resolution using AE during in-
service hydro up to 1.15 x operating pressure will be rather
poor.

The final hydro test went to an.over pressure of 1.4 x
operating : pressure. By this point, the largest ID machined
defect had grown to a surface length of 207 mm and a depth of 99
mm (83% through wall). The-natural crack in the -KS07R weld
ranged in depth from 10 to 40 mm over a 1500 mm length (maximum
of 33% through wall). As shown in Figure 12, considerable AE was
detected during this hydro with the machined flaws and the weld
crack becoming defined contributors. Although Figure 12 is a
composite of the full hydro, data from.the flaws started to
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appear between 1.0 and 1.1 x operating pressure. The correlation |
of stress at the crack front versus AE indications has not been ;

completed, but it appears that the data is availabic to establish
a criterion in terms of crack front stress needed to produce
detectable AE during a hydro.

In summary, AE monitoring during in-service hydros would
detect an impending failure condition or a major flaw; however,
detection of small flaws particularly in a 1.15 over pressure
hydro is questionable. It must be emphasized that these con-
clusions do not apply to preservice tests where the structure has
not been previously stressed to a significant level. Resolution
of flaw detection by AE should be much better in that' case.

Leak Detection

Leak detection is an inherent capability of AE systems with
their high sensitivity. A comprehensive program is in progress
.at Argonne National Laboratory funded by NRC to establish
interpretation criteria for leak detection. The PNL program has
collaborated with Argonne to the extent of making provision in
the engineering prototype system to deliver raw data that
Argonne needs to apply their analytical methods.

CONCLUSIONS

The conclusions drawn as to the current capabilities for
continuous AE monitoring to detect flaw growth in reactor
pressure boundaries are:

Instrumentation has been developed for long term monitor-.

ing.

AE sensors capable of withstanding reactor _ environment.

which can be mounted in a manner acceptable to reactor
requirements have been developed.

Fatigue crack growth in pressure vessels can be detected.

and located over a distance of at least 10-15 feet.

Stress corrosion cracking in stainless steel piping can be.

detected at least in localized areas.

Problems associated with reactor flow noise interference.

have been overcome.

A computer-aided method for identifying crack growth AE- |.

signals has been developed. '

>

i

1
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. Flaw severity' estimation has been. partially successful;.

however, . there are some inconsistencies that remain to be
resolved.

. ,

Large flaws and impending failurescan be detected by AE.

during inservice hydrotests to l'.15.over pressure. Small
flaws:probably will not'be detected.

Coolant leaks during reactor operation can be detected..

On-reactor experience is the major requirement.to refine.

.and establish'the technology.
4

Beneficial uses of continuous AE monitoring at this time-in
addition to loose parts monitoring are:

Piping.- Detection of pipe crack growth, surveillance of.
'

. pipe weld repairs for crack growth, and leak detection.

Pressure Vessels ~- Surveillance of the vessel belt line for, .

indications of crack growth.,

No'zzles - Monitoring vessel nozzles for crack growth..

FY-85 PLANS,

The major tasks planned for FY-85 are:

Install the prototype AE monitor at Watts Bar Unitil reactor
'

.

and perform continuous monitoring eduring start-up and,

'
operation.

.

Perform continuous monitoring ' of a location..on - reactor-; .

) primary piping to test detection of stress' corrosion-crack
i ~ growth.

Test the potential for monitoring weld overlay pipe repair..
.

|

Implement pattern recognition method in hardware.to use.

with prototype AE monitor. '

Finalize AE data interpretation method.. m

| .. Complete ^IGSCC t'esting.of st'ainless steel' piping..

. - Complete . refinement of engineering'.' prototype AE' monitor ,
~

Jand document.
<

. . Continue work to establish an. ASTM standard for continuous
' AE monitoring .and - to gain ASME Code acceptance.-

.
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