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1. TINTRODUCTION

Boston Edison Company (BECo) has elected to replace existing drywell
piping made from Type 304 stainless steel material with Type 316 nuclear
grade (NG) material at the Pilgrim Nuclear Power Station. The 316 NG piping
provides significantly improved resistance to intergranular stress corrosion
cracking (IGSCC) in a BWR environment. '

In May 1984, during recirculation safe-end replacement, dye penetrant

tests (PT) identified axial crack-like indications in the Alloy-182 weld

metal associated with the recirculation stainless steel safe-end to low alloy"
reactor pressure vessel nozzle welds. In addition, subsequent non-destructive
examination (NDE) showed intermittent PT cracking indications on 7 of 8 recir-
culation inlet nozzle thermal sleeve pad and fillet weld heat-affected zones. 5
One indication was found by radiography in each of the two thermal sleeves not
examined by PT.

On June 15, 1984, BECo and the General Electric Company (GE) briefed NRC

>—-cnagenent and staff on the repair plan feor the nozzle to safe-end welds. The

repair plan employs a half-bead repair technique for weld butter thicknesses
less than 1/8". A hydrogen water chemistry program will be developed during 1985 to
further mitigate IGSCC in the Alloy 182 material, in addition to other reactor

nnteria}qf

At BECo's request, GE advised the NRC on July 16, 1984 of the results of

the thermal sleeve examination. Since the indications founi on the thermal-

—_—

__hydrogen water chemistry..

NRC meeting Additionally, justification for continuned operation with cracked

sleeves are quite limited in extent, current plans are to leave the thermal
sleeves in place and suppress further cracking through the development of

This rejort expands upon the information presented at the July 15, 1984

recirculation inlet nozzle thermal sleeves‘is provided. .

—— — - - -

1-1/1-2
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2. SUMMARY
2.1 RECIRCULATION SAFE-END TC NOZZLE WELD CRACKING AND REPAIR

Liquid penetrant indications were observed in the Alloy-182 weld metal
of 3 out of the 10 recirculation inlet nozzles to safe-end welds and 1 out of
the 2 outlet nozzle to safe-end welds. The indications were axially oriented
with depths ranging up to 70% wall thickness and lengths up to 0.5 inches.
Metallographic examination of boat samples taken from the outlet nozzle weld
gggion.confit-ed that crack initiation was caused by intergranular stress
corrosion cracking (IGSCC). A detailed review of the fabrication history did
not identify any correlation with the observed cracking.

A residua) stress analysis of the nozzle to safe-end weld indicates that
predominantly axial cracking is expected due to internal pressure and high
weld residual hoop stresses. In addition, a crack growth analysis concludes
that structural integrity is maintained and sufficient leak-before-break
margins exist. Consequently, cracking in Alloy-182 weld metal ‘oes not pose
any safety concerns and can be mitigated with an orderly remedial program.

A qualified half-bead repair technique was utilized on three recircula-
tion inlet nozzles and a Local Post Weld Heat Treatment was performed on one
recirculation outlet nozzle. Also, as part of the repair program, Boston
Edison Company (BECo) has committed to the development of hydrogen water
chemistry (HZUC). Laboratory tests have confirmed that the hydrogen water
chemistry environment will suppress IGSCC in the Alloy-182 weld metal, in

addition to other reactor materials.
2.2 RECIRCULATION INLET THERMAL SLEEVE INDICATIONS

Non-destructive examinations (both dyc-penetrant and radiographic) iden-
tified linear indications in 9 out of the 10 recirculation inlet nozzle thermal

sleeves. These indications were limited in extent (typically between 0.25-in.
and 1.0 in. in length) and were located on the 0.D. of the outer thermal

2-1



sleeve in areas associated with the pad weld buildup heat affected zones. A
residual stress analysis shows that the observed cracking correlated well with
the location of the high tensile residual stress and weld sensitization.

Boston Edison Company has elected not to repair the thermal sleeves
during the pipe replacement outage. A crack growth analysis confirms that
the required Code safety margins are maintained during the next 18 months of
operation. As stated above, BECo will develop HZWC, which when implemented,

will arrest crack initiation and propagation.

There are no safety concerns associated with continued full power opera-
tion of P‘lgrim Nuclear Power Station with the currently cracked thermal

sleeves both prior to and subsequent to HZHC implementation.

2-2
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3. RECIRCULATION SAFE-END TO NOZZLE WELD CRACKING AND REPAIR

Recirculation inlet and outlet nozzle safe-ends provide a geometric and
material transition from the reactor pressure vessel low alloy steel nozzle to
the austenitic recirculation system pir ‘ng. The principle function of the
safe-end is to avoid field attachment we. ng of connecting piping to a mate-

rial which would require local post weld he  treatment.

An axial cross section of the 12-inch recirculation inlet nozzle is shown
in Figure 3.0-1. (The configuration of the 28-inch outlet nozzles is identi-
cal except that the thermal sleeve is absent.) The complex metallurgical con-
dition of the safe-end to nozzle attachment is illustrated in Figure 3.0-2.
The nozzle consists of low alloy steel, the safe-end of Type 304 stainless
steel, and both have Alloy 182 weld buildup (butter) on the welded face. The
weld metal is Alloy 182 except for the root pass and the next two weld passes
consisting of Alloy 82 which were applied by the Gas Tungsten Arc process.

The 1.D. of the low alloy steel nozzle has been clad with Type 308 stainless

steel.

The following subsections review the metallurgical evaluation of the
recirculation weld metal cracking, the residual stress analysis, the structural
integrity margins and the fabrication history of the existing safe-ends. In
addition, the details of the weld butter repair plan are discussed. Technical
bases supporting long-term mitigation of intergranular stress corrosion crack-
ing in the Alloy 182 weld metal through the implementation of hydrogen water
chemistry and development plans for improved ultrasonic inspection techniques

are also provided.

3.1 METALLURGICAL EVALUATION OF PILGRIM RECIRCULATION NOZZLE WELD BUTTER
CRACKING

3.1.1 Introduction

In May, 1984 liquid penetrant (PT) examination of the machined face of
a 12-inch recirculation inlet nozzle revealed radial crack indications in the

Alloy 182 weld butter. Subsequent PT examination of the remaining inlet

3-1
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Figure 3.0-1. Existing Pilgrim Recirc Inlet Nozzle - 12 inch
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Figure 3.0-2.
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ALLOY 182 OR ALLOY B2 WELD METAL
STAINLESS STEEL 304 SAFE-END
STAINLESS STEEL CLADDING

Complex Metallurgical Condition of Safe-End to Nozzle Attachment
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nozzles revealed two additional nozzles with crack irdications in the weld
butter to a depth of approximately 70% of the wall thickness. An 1.D. surface
examination of the 28-inch recirculation outlet nozzles revealed multiple axial
cracks in one of two nozzles. The cracks were confined to the 181 weld butter
on both the safe-end and nozzle side of the weld except for slight crack
extension into the sta'nless steel safe-end base material in a few instances.
No cracking was found in the low alloy steel nozzle base material or in the
Alloy 82 weld root pass of the field weld.

To determine the nature of the cracking, a total of four boat samples
were taken from recirculation outlet nozzle N1-B, three of which were examined

at the Ceneral Electric Company Vailecitos Nuclear Center. In this subsection
the non-destructive examination results and the boat sample metallurgical

examination will be reviewed.

3.1.2 Non-Destructive Examination Results

In order to fully assess the extent of cracking in the recirculation
system nozzles, an array of non-destructive examinations was performed.
Liquid penetrant (PT) examination was performed on the I.D. surface of the
outlet nozzles, the accessible areas of the inlet nozzles, the machined (weld
butter) faces of inlet nozzles, and the thermal sleeves (where accessible).
Radiographic examination (RT) was used to confirm the PT results and to evalu-
ate the thermal sleeve cracking (see Section 4.1). Ultrasonic examination (UT)
was performed to examine the nozzle base material and I.D. cladding for
extension of axial cracls from the weld metal and to look for circumferential
cracking in the weld butter. The nozzle-to-safe-énd examination results are

presented in Table 3.1-1.

Indications characteristic of stress corrosion cracking were discovered
in three of the ten inlet nozzle to safe-end welds and in one of the two outlet

nozzle to safe-end welds.
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3.1.3 Boat Sample Metallurgical Examination

A total of four boat samples were removed from 28-inch recirculation
outlet nozzle N1-B. Three of the samples were examined by Gereral Electric at
the Vallecitos Nuclear Center. A fourth sample was given to the NRC for an
independent analysis. Sketches of the recirculation nozzle showing the
locations of the ‘boat samples are given in Figures 3.1-1 and 3.1-2. A descrip-

tion of the boat samples is given below:

Sample Location Comments
1 180° Axial crack in 182 butter on safe-end
side of weld; crack extension into safe-
end.
2 30° Short circumferential crack near butter/

safe-end interface.

3 185° Two axial ciacks in 182 butter {safe-
end side); one subsurface crack which
apparently initiated on the nozzle side

butter.

4 195° Two axial cracks in butter on safe-end
(NRC Sample) side of weld.
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Boat Sample No. 1

As shown in Figure 3.1-1, boat sample No. 1 was removed from near the
180° azimuth (0° is nozzle top dead center) and was oriented at a slight angle
with respect to the weld. This sample contains part of an axiai crack in the
Alloy 182 weld butter and includes the crack extension into the Type 304
stainless steel safe-end. It was mounted on its upper surface (I.D. surface
of nozzle) in order to examine the nature of the cracking in both the 182
butter and the safe-end. Photomicrographs of this plane of examination are
shown in Figure 3.1-3. The crack is interdendritic in the 182 weld metal and
intergranular in the safe-end. Judging from the appearance of other axial
cracks in the N1-B weld butter, which did not propagate into the safe-end, it
would be reasonable to conclude that this particular crack initiated in the

Alloy 182 weld butter rather than the safe-enc.

Upon closer examination of the Figure 3.1-3 photos, one can see a change
in structure in the Alloy 182 weld butter. This is considered normal for
Alloy 182 weld metal. The material closest to the weld interface has
retained its original solidification structure - a dendritic structure. Further
from the interface, the weld metal has recrystallized due to heat input from
subsequent weld passes. Distinct grain boundaries, rather than dendrite
boundaries, can be seen. In the recrystallized area the crack is intergranu-

lar. In the non-recryscallized area it is interdendritic.

Boat Sample No. 2

This sample contains a short circumferential crack near the butter/safe-
end interface, at approximately the 30° azimuth, with an axial branch into the
Alloy 182 weld butter. The sample was divided into three portions - two for
metallography and one for scannring electron microscopy (SEM). Planes parallel
and perpendicular to the nozzle I1.D. were examined by metallography. The
plane normal to the nozzle 1.D. (parallel to the axis of the nozzle) is shown
in Figure 3.1-4. At this location, the circumferential crack follows the weld

interface near the I1.D. surface with short intergranular penetrations into the

3-6
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Alloy 182 weld butter and the safe-end. Towards the bottom of the boat sample,
the crack is primarily in the safe-end. The surface plane is shown in Figure
3.1-5. Again, it is seen that the cracking is alung the weld interface or in

the safe-end.

It should be noted that the cracking at this location is not typical of
the other cracks found in the N1-B nozzle. Cracking would not be expected in
the stainless steel safe-end (since the safe-ends were solution heat treated
following weld buttering) unless it first initiated somewhere else. At this
particular location, it appears that the circumferential crack is a branch of

an axial crack which initiated in the weld butter.

Boat Sample No. 3

The third boat sample was removed near the 185° azimuth. As shown in
Figure 3.1-2, two axial cracks were found at this location in the butter
material on the safe-end side of the weld. This sample was cut from the weld
metal interface to include a portion of the Alloy 82 root pass. After the
sample was removed, an axially oriented subsurface crack was discovered
betwezn the other two cracks in the weld butter. This is also shown in
Figure 3.1-2. Since the tip of this crack was not open to the surface any-
where on the safe-end side of the weld, it would appear that this is the
extension of an axial crack found in the butter on the nozzle side of the
weld. Thic crack must have initiated in the nozzle side butter and "tunneled"

under the Alloy 82 root pass toward the safe-end.

Following visual examination, this sample was mounted on its front face
so that each of the three axial cracks could be examined. Tliese are shown at
low magnification in Figure 3.1-6 and at higier magnification in Figures 3.1-7
through 3.1-9. Consistent with the findings from the first two samples, these
cracks are interdendritic (or intergranular in the portions of the weld butter

that have recrystallized).
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In order to examine the behavior of the subsurface crack in the vicinity
of the Alloy 82 weld root pass, the sample was removed from its mount and
separated at the ° on of the subsurface crack. One was submitted for SEM

examination an” ycher was re-mounted on its fracture face.

A photomicrograph from this second metallographic mount is shown in
Figure 3.1-10. Branches of the subsurface crack are seer to have extended up
to the weld interface and into the dilution zone of the root pass, but not
beyona. This behavior is consistent with General Electric's understanding of
Alloy 82 and 182 weld metal. Laboratory data has shown that Alloy 182 has a
greater susceptibility to IGSCC in a high temperature water environment than
Alloy 82.

A scanning el:ctron micrograph of the Alloy 182 portion of the fracture
surface is presented in Figure 3.1-11. The surface is characteristic of
interdendritic stress corrosion cracking in a high temperature water

environment.

3.1.4 Summary

A total of four boat samples were removed from 28-inch outlet nozzle
N1-B, three of which were examined at the General Electric Company Vallecitos
Nuclear Center. It was found that the cracking in the Alloy 182 weld butter
was due to interdendritic (intergranular) stress corrosion cracking. Since
the majority of the cracking was confined to the Alloy 182 material, it is
apparent that they initiated in the Alloy 182.



Nozzle
Ni-A

N1-B

N2-A
N2-B
N2-C
N2-D
N2-E
N2-F
N2-G
N2-H
N2-J

N2-K

SUMMARY OF NDE

PT for
Cracks

0K

33 Axial
1 Short Circ

NEDO-30730

Table 3.1-1

RESULTS ON NOZZLE TO SAFE-END WELD EXAMINATIONS

Branch of Axial

OK

12 Axial
OK
OK
OK

13 Axial
OK
0K

5 Axial

OK

UT for
Circumferential UT for
Cracks Axial Cracks
NA NA
NA OK
K OK
0K OK
0K OK
OK NA
OK NA
2
0K 5 Axial
OK NA
0K NA
0K Not Performed
OK NA

1UT for axial cracks in nozzle base materis . or clad.

Comments
OK

RT Confirmed

OK

RT Confirmed
OK
OK
OK

RT Confirmed
OK
OK

RT Confirmed

OK

2Subsequent grinding and etching confirmed that cracking did not extend into
the low alloy steel.
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SAFE-END
304ss

NOZZLE LOW
ALLOY STEEL

NO. 3 BOAT SAMPLE —
TWC AXIAL CRACKS

“—— NRC SAMPLE

ALLOY 182 BUTTER
ALLOY 82 ROOT PASSES

ALLOY 1B2WELD

ALLOY 82
ROOT PLANE OF POLISH
EXTENSION OF CRACK WHICH INITIATED ON
NOZZLE SIDE OF WELD AND “TUNNELED" UNDER
THE ALLOY 82 ROOT PASS TOWARDS THE SAFE.

ALLOY 182 END OF THE WELD

BUTTER

Figure 53.1-2. Boat Sample Locations
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TOP OF SAMPLE

ALLOY 182
304 SS
SAFE-END
BOTTOM
OF SAMPLE

Figuce 3.1-4. Crachking Near Weld Interface, Boat Sample
No. 2, 125X Magnification

3-13



304 SS
SAFE-END ALLOY 182

Figure 3.1-5. Short Circumferential Branch eof
an Intergranular Crack at
Ailoy 182/304SS Safe-End Inter-
face (Boat Sample 2)
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Figure
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INS1VE SURFACE
OF PIPE

33X

Axial Interdendritic Cracking in Alloy 182 Butter Adjacent to Weld Root
or Safe-End Side (Boat Sample 3) (Crack in center of photo initiated
in Alloy 182 butter on nozzle side of the weld).
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125X

Figure 3.1-7. High Magnification View of Interdendritic Crack No. 1 of
33X Composite - Alloy 182 Butter (Boat Sample 3)
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Figure 3.1-8. Interdendritic Cracking in Alloy 182 (Boat Sample 3,
Crack No. 2)
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125X

CRACK INNER SURFACE

N.

CRACK TIP

Figure 3.1-9. High Magnification View of Interdendritic Crack No. 3 of
33X Composite - Alloy 182 Butter (Boat Sample 3)
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ALLOY 82
ROOT PASS

ALLOY 182
BUTTER

Figure 3.1-10. Crack Arrest in Alloy 82 Weld Root (Boat Sample 3)
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Figure 3.1-11. Scanning Electron Micrograph of Axial Crack in
Boat Sample No. 3
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3.2 RESIDUAL STRESS ANALYSIS AND STRUCTURAL INTEGRITY EVALUATION

3.2.1 Introduction ;

In this section the results of the residual stress analysis of the recir-
eulation_no:zlclnafc-cnd weld joint are discussed. The results show that the
resid-al stress is a major contributor to the observed cracking. In addition,
the plastic yielding «t the final weld overwhelms the stresses resulting from
half-bead repair. Thus, the half-bead repair is not a controlling factor in
the stress state after completion of the weld. Firally, the effect of the
observed cracks on the structural integrity of the weld joint is evaluated.

It is concluded that short axial cracks of the type seen in service do not

pose any safety concerns.

3.2.2 Residual Stress Analysis

The analysis to determine weld residual stress consisted of three main

parts:
(1) Finite element modelling
(2) Thermal analysis

(3) Residual stress analysis

Each par: of the analysis is described in the following subsections.

3.2.2.1 Finite Element Modelling

The finite element snalysis was performed using the ANSYS computer pro-
.;rcn.l The axisymmetric finite element model used in the thermal stress
analysis is shown in Figure 3.2-1. Also shown in Figure 3.2-1 4s the stain-
‘less steel piping material, low alloy nozzle material, and Alloy 82 and 182

weld material. Different material properties were assigned to the three sets
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of clements. The model was made up of axisymmetric quadrilateral isoparametric
elements for both the thermal and stress analysis. The length of the model

on both sides of the weld was chosen to be in excess of three attenuation
lengths (3 /Rt) to eliminate end effects.

3.2.2.2 Thermal Analysis

The temperature distribution throughout the welding was first determined
by performing a thermal analysis. The temperature-time history from the
thermal analysis was input to a stress analysis model to determine the result-
ing stress. Tenperaturz-dependent properties were used and a transient thermal
analysis wvas performed to determine the temperatures during welding.

The predicted vesidual stress distribution from welding is dependent on
a good representation of the transient temperature behavior of the pipe during
wvelding. The Nugget Area Heating (NAH) method was used in the thermal analy-
sis of the welded pipe. The NAH method simuliic. the welding process by
heating all nodes which lie within the finite element model molten area to the
melting temperature of Alloy 182. The temperature of the molten area is held
at the melting temperature for a period of time. At the end of the hold time,
the nodal temperature boundary conditions are released and the pipe cools back
to ambient temperature. Figures 3.2-2 and 3.2-3 show the simulation of the
welding process. Heat transfer coefficients were assigned to the inside and

outside surface to simulate natural convection and radiation to the surroundings.

Figures 3.2-4 through 3.2-7 show the results of the thermal analysis.
Isotherms at various times throughout the transient are shown in the figures.
The affect of material discontinuity can be seen by the higher heat flow rate

in the low alloy steel as compared to the stainless steel.



3.2.2.3 Stress Analysis

Plastic analysis was performed based on the von .ises ytcldictitcria and
the Prandtl-Reuss equations. Subsequent yielding was evaluated using a kine-
matic hardening model and a bilinear temperature dependent stress-strain
curve.

The stress analysis used the temperature-time his.ory from the thermal
analysis to determine the residual stress. Sufficiently small time steps
between the temperature distributions were chosen for the stress analysis.
-This assures numerical convergence as well as a proper description of the
cyclic thermal loading.

Figure 3.2-8 shows the residval hoop and axial stress on the inside sur-
face of the pipe. Also shown on the same figure are the interfaces between
the three materials present. The results show that the hoop stress is approxi-
mately 20 ksi greater than the axial stress in the area of cracking. The
axial cracking in the Pilgrim nozzle confirms that residual hoop stress was a
major contributing factor.

Figure 3.2-9 shows the through wall hoop and axial residual stress at
the cracked cross-section. The residual hoop stress remains highly tensile
thr: ughout the pipe section. The residual axial stress decreases rapidly and

becomes compressive at approximately 302 of pipe wall depth.

3.2.3 Explanation of Observed Cracking

The main sources of stress in the region of the weld between the safe-end
and the nozzle are from pressure and welding. For the recirculation outlet
nozzle safe-end (pressure = 1050 psi, thickness = 1.5 in. and outside diameter

= 29.3 in.), the hoop stress under internal pressure is 10 ksi. In addition,
the hoop residual stress in the weld region varies from 50 to 70 ksi. The

combination of high hoop stress due to pressure and weld residual stress is
sufficient to explain the observed axial cracking. The axial residual stress
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in the weld region is lower than tne corcesponding hoop stress. More
significantly, the axial pressure stress (which is a primarv stress and is
therefore more significant from the IGSCC viewpoint) is 5 kai, balf of the
hoop stress. Therefore, compared to the hoop stress, the overall axial stress
1s significan'ly lower ard circumferential crackinz is less likely to occur.

The predominant axial cracking can be further explained based on the
through-wall stress distribution shown in Figure 3.2-9. The hoop residual
stress is uniform through the thickness and promotes crack growth, whereas
the axial stress is a bending stress and is less severe for crack growth.

3.2.4 Effect of Final Weld on Stresses Due to Half-Bead Repair

The purpose of this section is to determine if the residual stress
due to half-bead repair increases the overall stress after co-pletioﬁ'of the
final weld. Any increase in the overall stress can be assessed by examining
the extent of yielding in the Alloy 182 weld butter region. If, during the
final weld, the plastic yielding is sufficient to overwhelm the previous stress
history, then the final stress state will be independent of the stresses result-
ing from half-bead repair.

Figure 3.2-10 shows the region of yielding from the finite element analy-
sis results. Elements which experienced yielding during the welding process
are shown with a solid dot in Figure 3.2-10. 1t is seen that there is exten-
sive through-wall vielding on both sides of the final safe-end to nozzle
weld. Figure 3.2-11 also shows the effect of strain as a function of load
steps (or time) during welding and subsequent cooling. It is seen that the
strain at the centroid of the ID surface element is in excess of 1X. A strain
in excess of 1% is high enough to assure that the half-bead repair stresses

are eliminated.
Previous analytical and experimental studies on Induction Heating Stress

Improvement (IHSI)2 and Last Pass Heat S5ink Welding (LPHSU)3 have shown that
plastic yielding 'wipes out' the prior residual stress as well as the previous
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stress-strain history. Based on this, it can be concluded that the final
stresses in the safe-end/nozzle weld and surrounding material are essentially
the same as that in a weld without half-bead repair. :

3.2.5 Structural Integrity

In this section an evaluation is performed to determine the utructﬁrnl
integrity of the recirculation safe-end/nozzle weld joint.

3.2.5.1 Critical Crack Size for longitudinal Cracks

Analysis was performed to determine critical crack sizes for both the
recirculation inlet and outlet nozzle weld region. A through-wall crack was
conservatively lllu.ld and evaluations were performed assuming both linear
elastic ftacturc mechanics (LEFM) and limit load failure mechanisms. Details
of the analysis are outlined here.

The dimensions of the recirculation inlet nozzle are given below:

Outside Diameter (OD): 13.37 in.
Inside Diameter (ID): 11.50 in.

Mean Radius (R): 6.22 in.
Thickness (t): 0.94 in.
p PD

ressure Stress: 7.47 ksi

All other stress (e.g., residual stress) are insignificant, especially
when long cracks which extend beyond the weld region are considered.

The stress 1ntcn31ty'£actor for a through-wall crack in a cylindrical
shell is given by

k=o /ra + Y() (3.2-1)
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where

9 1/2
Y= (1+1.252%) for 0<ic<1

= (0.5 + 0.9 1) for 1 <A1 <5

&
.o \/ Rt
wvhere 0 is the applied stress and 2a is the crack length. Figure 3.2-12 shows
the applied stress intensity factor as a function of crack length. The tem-
perature of the low alloy steel nozzle is sufficiently high to assure a mate-

rial toughness of at least 200 ksi /in.

Figure 3.2-12 shows that the critical crack length for a through-wall
crack is approximately 22 inches for the recirculation inlet nozzle.

For a limit load failure mechanism the hoop stress at critical conditions
is given by

o * of/H (3.2-2)
where

o‘ = flow stress

= average of yield and ultimate strength

-B-_%*_!Q.- 61.3 ksi

and

2 1/2
M= (1+1.6117) (3.2-3)




Substituting op 7.47 ksi in Equation 3.2-3, the corresponding value
of A 1s 6.42 and the critical crack length is 31 inches.

Using the lesser of the calculated values for the two failure mechanisms
the critical crack length for a through-wall crack in the 12-inch recirculation
inlet nozzle is 22 inches. The corresponding critical crack length for the
stainless steel safe-end is higher.

Thcvtocirculation outlet nozzle dimensions and hoop stress are:

Outside Diameter (OD): 29.31 4n.
Inside Diameter (ID): 26.06 in.
Mean Radius (R): 13.84 in.
Hoop Stress: 9.47 ksi

Figure 3.2-12 also shows the ap.,lied stress intensity factor as a funcrion
of through-wall crack length. It is seen that the critical crack length is in

excess of 27 inches for the recirculation outlet nozzle.

The value of A corresponding to a failure at a hoop stress of 9.47 ksi was
5.02. This is equivalent to a crack length of 47 inches.

Selecting the lower of the LEFM and limit load calculations, the critical
crack length for the 28-inch recirculation outlet nozzle is determined to be
27 inches. A5 before, the corresponding value for the stainless steel safe-
end is higher.

The actual cracking in the Alloy 182 weld butter has been predominately
axially oriented with length of approximately 1/2 inch. Even if the observed
cracking were through-wall, this length is short relative to the critical
crack sizes calculated for a through-wall crack in either the low alloy steel
nozzle or the stainless steel safe-end. If the observed cracks propagate to
be through-wall, the leakage would be detected before the lengths become sig-
nificant. Consequently, the inherent leak-before-break margin associated with
the 1GSCC phenomenon is maintained.
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3.2.6 Summary

Bssed on the above analysis, the following conclusions can be made:

(1) The predominantly axial cracking is expected due to high weld
residual hoop stress.

(2) Plastic yielding produced by the safe-end/nozzle weld is sufficient
to overvhelm the previous stress history produced by the half-bead
repair.

(3) Structural iﬁtcgrity of the safe-end/nozzle weld joint is maintained.

Therefore, the cracking in the Alloy 182 weld butter does not pose any
safety concerns and can be mitigated with an orderly remedial program.
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NODES WHICH LIE WITHIN AND
ON DARXENED AREA ARE HEATED
AS SHOWN BELOW

Figure 3.2-2. Nuggett Area Modelling
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Figure 3.2-3. Nuggett Area Heating Temperature History
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Figure 3.2-4. 1Isotherms at 3 Seconds
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Figure 3.2-5. 1Isotherms at 6 Seconds
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Figure 3.2-6.

Isotherms at 9 Seconds
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3.3 RECIRCULATION NOZZLE AND SAFE-END FABKICATION HISTORY

*  3.3.1 Introductior

The shop fabrication history and field records review for the recircula-
tion inlet and outlet nozzles and safe-ends are described in this section.
The scope of the records review included Geieral Electric Quality Assurance
records, Combustion Engineering records and site construction records main-

tained by Boston Edison Company.

The vessel was fabricated by Combustion Engineering and the original safe-
ends were post-weld heat treated with the reactor vessel. These furnace sen-
sitized safe-ends were subsequently removed in the shop and new Type 304 stain-
less steel safe-ends were installed in the field by Bechtel Corporation.

3.3.2 1Initial Safe-End Installation

The original safe-ends were welded to the nozzle forgings prior to nozzle
installation in the vessel shell. This was accomplished using Combustion
Engineering (CE) Detail Weld Procedure (DWP) WC-21466-345-0 (Appendix A).
Figure 3.3-1 shows a schematic representation of the joint (actual dimensions
are shown in CE drawing E-232-345 - Appendix B). The nozzle forging was first
positioned with its centerline vertical to facilitate fit up and tack welding.
A single Type 308 stainless steel root pass was then applied as a horizontal
(26) weld. The nozzle with safe-end was then positioned horizontally, pre-
heated tc 300°F and welded on in the flat position using Ni-Cr-Fe Alloy 182,
1/8" and 5/32" diameter covcied electrodes. Preheat was maintained following
weld completion until the joint received an intermediate post-weld heat treat-
ment of 1125°F for 15 minutes. The nozzle safe-end assembly was finished
machined except for the piping side of the safe-end, where added length and &
modified weld prep was left for hydrotest caps as shown in Figure 3.3-2. The
nozzle/safc-end subassemblies were then installed in the vessel shell courses
and post-weld heat treated (PWHT) at 1150°F. These nozzles accumulated total
times at PWHT temperatures in the range of 9-13 hours.
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3.3.3 Furnace Sensitized Safe-End Removal

Following installation in the vessel, a decision was made to remove and
replace the furnace sensitized stainless steel safe-ends. This was accom-
plished in two operations. The first operation was performed in March-May
1969, prior to vessel hydrotest. The second operation was performed in

November-December 1969 after vessel hydrotest.

The first operation in safe-end removal was to prepare a 3/8" radius,
I1.D. groove in the safe-end/weld area to remove the furnace sensitized 304
safe-end and apply additional Ni-Cr-Fe weld. This added weld would provide
the desired "butter" thickness for joining a new safe-cnd without preheat
or post-weld heat tieatment. The I.D. buildup operation is shown .chematically
in Figure 3.3-3; it was performed in accordance with CE drawing E -232-345 and
DWP WK-21466-345-1 (Appendix C). This procedure permits 1/8" and 5/32"
ENi-Cr-Fe-3 (182) covered electrodes, although records indicate that only
5/32" was used, all from the same heat. (Ni-Cr-Fe heat numbers and chemis-
tries are discussed in Section 3.3-6.) The completed I.D. weld buildup was
100% inspected by liquid penetrant an? radiographic testing.

The second operation was to machine to remove the safe-end and form a
field weld prevaration. If required, a weld buildup could be added to the
end of each nozzle, as shown schematically in Figure 3.3-4. The buildup was
defined in CE drawing E-232-369 (Appendix D) and DWP WA-21466-369-1 (Appen-
dix E). The DWP requires 1/8" ENi-Cr-Fe-3 (182) covered electrodes. Weld
inspection and shop traveler records showed that this buildup was applied to
N2-A but welding electrode issue records indicate that it could have been

applied to other inlet and outlet nozzles.

Following safe-end removal by cutting l-in. outboard of the weld, the
Ni-Cr-Fe butter was machined to the "extended land" configuration, which used
a 22 1/2 ¢+ 2° prep. angle, 1/16" max. radius, 3/32" * 1/64" land face, and
1/16" + 1/32" - 0" land extension (refer to Appendix D, CE drawing E-232-369
Detail "A"). Following machining, all weld preps received liquid peunetrant

testing per applicable Code requirements.
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5 5.4 Replacement Safe-End Fabricatior

In parallel to work on the reactor vessel recirculation nozzles, new safe-
ends were fabricated from Type 304 stalnless steel! forgings. The safe~ends
were rough machined, weld buttered with Ni-Cr-Fe Alloy 182 then solution heat
treated, as shown schematically in Figure 3.3-5. The safe-ends were made in
accordance with CE drawing E-232-369, buttering wae applied per DWP WB-21466~
369-1 (Appendix F), and solution heat treatment was performed per specification
M&P 5.5.5.5 (a) (Appendix G). (The solution heat treatment was not required by
the engineering specifications and was not called out on the drawings. A
review of the shop travelers and heat treat charts confirmed that solution heat
treatment was actually performed on all inlet and outlet safe-ends.) Following
installation, however, the Alloy 182 butter on the safe-end side ends up in the
as-welded metallurgical condition following butt welding.

3.3.5 Field Installation

The safe-ends were installed in the field by Bechtel Corporation in
accordance with Welding Procedure Specification P12 P8-AT-Ag (F43) Revision 1
(Appendix H). This procedure is a Gas-Tungsten-Arc Welding (GTAW) ar Shielded-
Metal-Arc Welding (SMAW) combination procedure. The root pass and the next two
layers are made using GTAW with type ERNi-Cr-3 (Alloy 82) %filler metal, and the
balance of the weld is made using SMAW and ENi-Cr-Fe-3 (Alloy 182) welding
electrodes. The root pass was made with the "open butt" technique using spacer
blocks to hold the gap aad alignment, as shown in Figure 3.3-6. This procedure
also required removal of the top half of the land thickness by hand filing.

According to the weld procedure, liquid penetrant examination was per-
formed after the third GTAW pass and on the final 1.D. and 0.D. surfaces.*

Radiography was also performed of the final weld.

3.3.6 Repairs or Other Special Findings

Records were reviewed for conformance to the drawing and specification

requirements and io determine whether repairs or other fabrication and

*Thermal sleeves were not installed, so the I1.D. of the inlet nozzle to safe-
end weld was accessible.
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construction operations could be correlated to the stress corresion cracking
found in safe-end to nozzie inlet welds N2-B, N2-F and N2-J, and outlet weld
N1-B. From the available shop and field records, there was no evidence of

draving or procedure deviations o1 field modifications. The methods outlined

in the previous sections were those actually used.

Repair records were also reviewed. Detailed maps of repairs were not
made; however, repairs were documented by welding inspection and wire/
electrode issue ("draw") slips or log sheets. Such records were reviewed
and the results -an be summarized as: (1) the extent of repair welding
required in beth tne shop and field was not abnormal for Ni-Cr-Fe welding,
and (2) weld repairs in a given nozzle did not correlate with the cracking
propensity of that nozzle, and similarly, some nozzles found to contain crack-

ing had no evidence of repairs being made.

A detailed review was conducted of all Ni{-Cr and Ni-Cr-Fe materials used
in the shop and field. In addition to chemistry, material manufacturer was
also considered. The findings are summarized in Table 3.3-1 for shop welds
and Table 3.3-2 for field welds. All heats of material involved are wilhin
specified limits and, with minor exception, are quite consistent in composi-
tion (including carbon, phosphorus and sulphur). A slight difference in manga-
nese and iron level is noted between manufacturers (heat codes ending in M2} in
Table 3.3-2. This is prcoably related to electrode coating composition rather
than the core wire chemistry. These compositional differences showed no
apparent relationship to nozzle weld cracking (these field weld heats of Alloy

182 would not have been exposed initially to the BWR environment, however) .

3.3.7 Summary

A complete review of available records has been used to show the series

of operations used to fabricate the Pilgrim recirculation inlet and outlet
nozzle assemblies. Although no obvious correlation between the fabrication

history and cracking has been identified, several operations performed during

fabrication may have contributed to cracking. These operations are svmmarized

pelow:
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1.

The multiple Alloy 182 welding operations performed on the nozzle
side of the joint (weld and PWHT, then I.D. butter buildup in the
groove and the deposition of added material for the extended land),
could create & more complex metallurgical and residual stress
condition than would otherwise be present. However, as pointed out
ir Subsection 3.2.4, the final residual stress state appears to be
dominated by the butt weld and is therefore independent of the weld
butter application history.

The use of the field, open butt welding procedure for a nozzle to
safe-end weld joint 1s not typical of the integral backing ring or
consumable insert practice of most vessel fabricators. Although it
cannot be said that open-butt welding per s~ is unacceptable, it is
known that high weld shrinkage tends to close the gap of the open-
butt weld (prevention of this is one of the functions of the four
spacer blocks shown in Figure 3.3-6). The use of this technique
for a Ni-Cr-Fe weld, based on today's technology, would not be
approved without additional testing and evaluation.

3-44



NEDO-30730

*SADTW NOLONIINNH HONDWHL 39 AS8 O3NIUVLIE0 viovd SNEOMaSOra S

'$3V1ZZON HIHLC A\T81SSOd ANV VZN NO SHILLNG 31ZZON 3HL NO dNANINE ANV GT13M Q3ANILX3I FHL INVW OL Q3ISN SYM LVIH BIHL Y

*WINIALuW ONI 39S QIZILISNGS 300NN YOE TW 3A0W3H 0L 3A0089 © SMINIHIUW

HILA ATGMISSUENS INZ2ZON/ANI IS SHL 0 G°1 3L N0 WINILIOW G13M 3M0.S3¥ 0L Q3SN Som LW SIW T

*SADTW NOLONIANGA AS 030N00Hd WiNAM T 2

"ONTYIINIONT NOILSNGMOT WOMd (3NIULE0 S4M003M “1

'S3LI0N
djvosy (M) Q) vy papRlu] »

2N ‘u2N 318V IIVAY LON 1H30.. 291 2091-5662
E2N'EIN'DIN 1070 £9°1 ¥0°0 2C°0 -~  9L°vl @9°79 900 6v°0 U090 LO0°9 £9°L W0°L £O'0  "WIQ .26/ 291 2Wi-Ses2

W2N “I2N "HEN 92N ‘veN
32N'02N"I2NEN"AIN'YIN YO0 9971 20°0 2€°9 ~ £6°vl 18°L9 SO0 0S°0 90070 L0909 9v°L SI°L £0°0  “FIQ .2E/S 201 201-S6v2

SH3ALLING ON3 3S

(v 310N 33S)20°9 64°T - 9S°® - 98°%I OL"L9 £0° 6v'0 602°0 6008 92°L 65°L £0°0 ‘eIg .e/1 201 281-S182
(MI92N & IL°1 2070 9%"9 ~ 2791 O€'69 107 6%"9 21070 21079 Q1°L IS°L v8'8  '*1Q@ .8/1 281 20'-8922
(MIG2N 12" ES°1 20°0 0S'® -~  #O°S) L0799 TO"2 OS2 11070 RID"® 12°L SO°L 09 "*IQ .20/ 281 2e1-SL22
HEN SN 'ON"EIN'UIN 10°2 £C°1 #0°0 SE'0 ~ Lvy'v] 89799 2079 £S°0 21079 T10"9 £1°L 9679 f@°@ "vi0 .20/C 201 281-9122
(€ 3UON 335) 28°IN TW 2070 £9°1 2070 ¥%°9 -~  @v°v] S99 2070 £5°0 60070 L00°9 SO°L 92°L £0°0 "vIQ .20/S 281 2@I-2u82

(¥) 428" (w) 32N
‘O2NERNUSNEIN'UIN TO'® Lv°T B0 9570 ~  6°YI 69°P9 2070 Bv'O QT2° @107 9L 9979 £O'0  “*IQ .26/€ 291 2@1-G122
WON'I2N'42N"32N T0°9 99°1 6@ 6%Y"0 ~ ES°+1 ¥1°99 20°0 S5°0 GO0 600°9 SO°L 6E°L YO0 ‘wId .8/1 281 2C1-9602
(OHSN"(MIDIN & 29°1 - B0 - SI°vI 6829 10'8 v9°¢ - TI0'@ 60°L v9°L S0"0  'w1Q .8/1 291 201-L061

92N
‘O2N"I2NEN'URNEIN'YIN ¢ 682 -~ INT@ = 9S°YI VECLO V00 vv°0 90070 11970 64°S 9278 ¥e'e  'YIQ .8/1 291 2e1-218

¥3L1NE/073M 320N

NO @3sn ®f Q@ © WU W <49 N ") IS a s 4 W D 3118 ADTW 0N “LU3H

AMLE TW3HD

»¥¥ SUTAM dOHS ONTMIEANIONE NOILSNEWOD »¥¥

RI¥OTId ¥04 SHAEWAN LVIH Z81 AOTIV

I-€°€ 21981

3-45



Table 3.3-2
ALLOY 82 AND 182 HEAT NUMBERS FOR PILGRIM

~CHEMISTRY

*%% BECHTEL FIELD WELDS *%#%

USED ON NOZZLES

S Cu Ni Cr Al T4 Co Cb Ta

Fe

NC. ALLDY SITE

HEAT.

82 3/32 x 36"
82 1/8 x 36"

NX@390eD

NK

NI1A, N28, N2T NIH, N2J, N2K
& NIA,N2B, N2C,N1B, N2J

NZR, N2E, N2F , NoH
N1A, N2D, N2E, NIF, N2G, N2J,

NIA, NEJ, N2T, N2 J, N2X

oooooo

oooooo
.-

nnnnnn

R

oooooo

SYIRAGK

escscss

st B8

—

® U

€66 €6
e8NS
.....

oooooo

2450-182 182 3/32" Dia.

£868-182 182 1/8" Dia.
2652-182 182 3/32° Dia.

2697-182 182 1/8" Dia.
2709-182 182 1/8" Diz.

£722-182 182 1/8" Dia.

-
<3
.
LR
I
b3 1
. -
=5
3t
8
4

[
2R

5 _»
LB

T
s
HE
~o
MR

- .
~~

e.03
e.e3

182 3/32* Dia.

25i2-182 182 1/8" Dia.

1412%D
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-
-

- 0,04 0.19 1.74 0.04 NIA, 22, M2C, NIB, K2

- ©0.72 .99 68.13 13.95

9.03 5.26 8.80 0.011

182 1/8" Dia.

1412MD

182 3/32" Dia.” 0.

LOT NO. 1006 B 30 D
£603-182 182 1/8" Dia.

1278mMD

- ©.35 0.03 1.60 8.01 N2E

9.06 7.3% 7.03 0,012 0.011 9.62 ..02 67.58 14,13

2782-182 182 1/8" Dia.

& Included in Cb

NOTES:

RECORDS SEARCHED AND DATA OBTAINED BY BOSTON EDISON.

2. ALL MATERIAL PRODUCED BY HUNTINGTON ALLOYS, EXCEPT WEAT CODES ENDING WITH "MD",

THESE MEATS WERE MADE RY CHEMETRON/ALLOY RODS DIVISION.

3. PHOSOWMMUS VALUES OBTAINED BY GE THROURGH HUNTINGTON ALLOYS.
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Figure 3.3-2.

Shop Fabrication:

Machine Safe-End Prior to Installation In Vessel Shell Course
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€ NiCr-Fe-3

(ALLOY 182)

1. PREPARE |.0. GROOVE TO REMOVE SAFE END FROM 1.D.
2. ADD ALLOY 182 BUTTER TO INCREASE MINIMUM BUTTER
THMICKNESS AT 1.D.

Figure 3.3-3. Shop Fabrication After Nozzle Installed in Vessel
(Prior to Vessel Hydrotest)
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1. ADD ALLOY 182 BUTTER FOR EXTENDED LAND, IF REQUIRED
(SHOP RECORDS REVIEW DETERMINED THIS WAS APPLIED TO
N2-A NOZZLE, BUT WELD MATERIAL ISSUE RECORDS INDICATE
IT COULD HAVE BEEN USED ON OTHER NOZZLES)

Figure 3.3-4. Shop Fabrication - Cut Off Safe-End and Re-Prep for Field Weld

0€L0€-0CAN



16-¢

3/16 IN. MIN

P % .

£

SHT

7

304 SAFE-END
FORGING

B'ITTER, SOLUTION HEAT TREAT (SHT),

E NiCr-Fel PREP FOR
(ALLOY 182) FIELD WELD
BUTTER

AT 1950°F , WATER QUENCH, FINAL MACHINE

Figure 3.3-5.

Shop Fabrication of Replacement Safe-End
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3.4 WELD BUTVER REPAIR PROGRAM

3.4.1 Introduction

This section describes the weld repair program applied to rhe Ni-Cr-Fe
weld butter cracking. Included is the safe-end removal and examination methods,
veld repair techniques (including the half-bead repair and local post-weld

heat treatment), and replacement safe-end installatlion.

3.4.2 Safe-End Replacement Program

Replacement of the high carbon 304 stainless steel safe-ends was per-
formed as part of the piping replacement program. The safe-end replacement
program was performed under the rules of ASME Section XI (1980 Edition, Winter
1980 Addenda), Articles IWA7000 and IWB7000. The replacement design, fabri-

cation and installation was performed by General Electric.

The safe-end replacement involves cutting to remove the existing safe-end
and machining a new "J" bevel weld preparation for installation of the replace-
ment safe-end. These operations are stown in Figure 3.4-1. In conjunction
with machining, etching was performed to verify removal of all 304 szainless
steel safe-end material. Note that the fin:1 weld preparation may include the
nozzle butter as well as portions of the original field weld and safe-end
butter, since it is desirable to leave as much Ni-Cr-Fe butter as possible
for welding the new safe-end to the low alloy nozzle (Figure 3.4-2). Alter-
nately, where unacceptable indications are encountered in the field weld,

remaining butter thickness is reduced (Figure 3.4-3).

During machining and liquid penetrant examinations of the Ni-Cr-Fe welds,

two categories of indications were encountered. The first was axially
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oriented stress cracking in the Ni-Cr-Fe weld metal described in Section 3.1.
The second was welding-related inlications such as slag, lack of fusion ari
microfissuring, which is typically encountered in Ni-Cr-Fe weldments. The
pature ani extent of these indications varied, but all required rezcval or
repair prior to safe-end installation. The repair work required is described

in the following subsections.

3.4.3 Repair Approach

Following safe-end removal, the Ni-Cr-Fe butters were examined for crack-
ing. In addition to liquid penetrant examination, which detected the deeper
axial cracking, ultrasonic examination through the butter face was used to
check for circumferential cracking. Internal liquid penetrant examination
in the annulus between the nozzle and outer thermal sleeve was performed using
borescopes and special tools to check for shallow axial cracking (or shallow
circumferential cracking that might not be detectable by U.T.). These exam-

inations confirmed the following:

(1) Circumferential cracking was not observed in any inlet or outlet
nozzle, except for one small circumferential branch of an axial
crack on N1-B (Section 3.1).

(2) All nozzles found to contain cracking (N2-B, N2-F, N2-J and N1-B)
showed numerous (>5) cracks distributed randomly about the

circumference.

(3) Cracking did nct extend into the low alloy steel nozzle material as

determined by dimensional measurements and confirmed by etching.

(4) The number of affected nozzles and the extent of cracking for each
nozzle was sufficiently low to make local repair practical and
economical compared with full butter replacement or nozzle to

safe-end weld joint redesign to eliminate Ni-Cr-Fe material.
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(5) The extent and depth of cracking observed in the recirculation outlet
(28") nozzle made local repair by half-bead welding impractical. As
a result, the Ni-Cr-Fe Alloy 182 butter was completely removed and
replaced with Ni-Cr (Alloy 82) followed by local post-weld heat

treatment.

Repairs were performed according to the requirements of ASME Section XI,
Article IWB4000. Unacceptable indications were removed using controlled grind-
ing and, where extensive cracking was encountered, by machining. Removal of
indications was confirmed by liquid penetrant examination of all exposed sur-
faces. Supplemental radiographic and ultrasonic examinations were used where
appropriate. Following removal of all indications, repairs were performed
using conventional welding, special low penetration welding or the half-bead
welding and local post-weld heat treatment processes (details are discussed in

the following subsections).

3.4.4 Conventional and Low Penetration Repair Welding

Where the remaining butter thickness on the nozzle was greater than 3/16
in., conventional weld repair using Shielded Metal Arc Welding, or Gas Tungsten
Arc welding, was applied. These repairs were examined by liquid penetrant and

radiographic methods.

For weld butter thickness less than 3/16 in. but greater than 1/8 in., a
special low penetration welding procedure and welder performance qualification
techniques were applied in accordance with General Electric specifications.
This procedure, which requires special low current, low penetration welding
techniques, was qualified on low alloy steel samples (SA508 C1.2 or SA533,

Gr. B) buttered with Ni-Cr-Fe and post-weld heat treated (PWHT). Following
PWHT, the test samples were machined to 1/8 in. butter thickness. Each weld-
ing procedure and welder was required to successfully qualify on these samples
to show no HAZ penetration f to the low alloy steel. As for conventional

weld repairs, the low penet: on repairs were examined by liquid penetrant

and radiographic methods.
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3.4.5 Half-Bead Weld Repair

When the remaining weld btuatter thickness was less than 1/8 in., the half-
bead welding technique was applied. Since repairs were made in an ASME P-3 to
P-8 dissimilar metal weld, the rules of ASME Section XI, IWB4340 were applied.
Because the half-bead repair has not been routinely applied to BWR pressure
vessels, a number of special tests and evaluations were performed in addition
to ASME Code qualification requirements. These tests and evaluations are dis-

cussed in the following subsection.
3.4.5.1 Criteria for Half-Bead Welding

The principal advantage of the half-bead welding process is the use of
a lower temperature (450-550°F) post-heating cycle in lizu of full PWHT at
1100-1250°F. This was particularly important for recirculation inlet nozzle
repairs, where the thermal sleeve interference prohibits the use of local
post-weld heat treatment. This 1s in agreement with the rules of the Code,
which permits use of the half-bead welding process when PWHT is impractical
(refer to IWB4310).

The key technical considerations for use of half-bead repair are:
(1) heat affected zone BWR environmental stress corrosion cracking perform-
ance; (2) potential adverse effects of the higher residual stress associated
with the half-bead process; and (3) control of the manual welding and grinding
process to cbtain the desired HAZ tempering. The first consideration - environ-
mental performance - was not a concern for this application since the I.D. sur-
faces of the nozzles have been clad with stainless steel. This would prevent
exposure of any half-bead repair heat-affected zones to the BWR environment.
The second consideration - residual stress - was addressed in two ways. First,
the I1.D. cladding would again prevent exposure to the BWR environment of any
low alloy steel material containing high residual stresses. Secondly, and
equally important, analysis confirmed that the residual stresses due to the
butt weld are the predominate stresses for this weld joint. Viewed another
way, the ylelding associated with the butt weld for installing the new safe-

erd tends to overcome the half-bead repair residual stresses (as discussed
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in Section 3.2.4). Finally, the use of hydrogen water chemistry, as discussed
in Sections 3.5 and 3.6, would provide significant margin against future stress

corrosion of repair weld material or adjacent material.

The third technical consideration - control of the manual welding and
grinding process to obtain HAZ tempering - was addressed in the procedure
qualification and half-bead application controls, which are discussed in

the following subsections.

The development and qualification of half-bead repa’r included procedure
development, ASME Code Section XI testing and HAZ microhardness testing.
Mockups and special welder training were also performed and are discussed in
Section 3.4.6.

3.4.5.2 Half-Bead Repair Qualification

The repair was performed under the rules of ASME Section XI, Article
IWB4340, which applies to dissimilar metal welds. The IWB4540 rules apply
rather than IWB4320 (repair tn base materizls) since the cracking and repair
was confined to the Ni-Cr-Fe butter, up to the low alloy steel/butter interface.

The first step in the procedure development was to determine the grind-
ing and welding parameters required to properly temper the HAZ. This work
was performed on SA533 Gr. B plate samples in the vertical and horizontal
positions. IWB4340 requires 3/32 in. electrcde for the first layer, followed
by grinding to remove "approximately one-half the first layer thickness"
(refer to IWB4323(c)). The Code then requires 1/8 in. electrodes for the

second layer and no larger than 5/32 in. for subsequent layers.

Prior General Electric and industry data on the half-bead process was
used to sele~t welding parameters and the deposition techniques. Parameters
were required not only to effectively temper the HAZ but also must be suitable
for all position welding (vertical, horizontal and overhead), which restricts

welding current to the lower ranges compared to flat position or "downhand"
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welding. The parameters developed for this repair are discussed in sequence

starting with the first layer.

Another param-

eter variable for layer disposition is bead overlap, which affects HAZ uni-
formity and controls interbead tempering. Based cn prior GE test work with
this process, this is a key factor in the overall HAZ hardness improvement

(Figure 3.4-4). For the first and all subsequent layers,

For grinding or machining the first layer, a number of factors were
considered. The most important requirement is to establish a procedure that
produces reproducible results. For local repair grindouts, machining is not
practical, so manual grinding was applied. Prior GE and industry experience
indicated that grinding could be controlled by weld surface contour. Smooth~
ing the first layer surface to remove the surface of the beads while leaving
some valleys between beads reduced the first layer thickness by 20-35%. This
procedure was considered since it 1s closer to the temperbead process (no
first layer grinding) recently shown by research at the Central Electricity
Generating Board4 (CEGB) to both temper and refine the grain structure of
the HAZ. However the lower current parameters required for all position
welding were judged inadequate to achieve the level of grain refinerent demon-

strated by the CEBG tests using higher welding currents and larger electrodes.

Subsequent tests were performed using additional giinding of the first
layer. The procedure involved grinding to remove bead ripples and valleys

between beaas which This

procedure was readily controlled and repeated in both the vertical and hori-
zontal welding positions. Heat-affected zone hardness testing, discussed
later, proved the effectiveness of this procedure in improving HAZ hardness

over the as-welded hardness.

which was in agreement with the

current rules of the Code (refer to IWB4323(c)).
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Additional technical guidance in selecting the above grinding procedure
was taken from recent work published by Oak Ridge National Laboutory.5 The
data showed acceptable half-bead HAZ properties for complete removal of the
first layer as well as for a full thickness first layer. Efforts were there-
fore focused on other variables such as electrode size, current, and deposi-

tion technique to select the final parameters for qualification and application.

was high enough to properly temper the first layer HAZ yet low enough to avoid
cxtreme penetration, which would form a new HAZ. The second layer was lightly
dressed by grinding to remove excessive bead crowns and provide a sultable

surface for the third layer.

Pricr General Electric tests had shown the benefit of temper-
ing. Accordingly, the parameters were selected to provide addi-

i tional HAZ tempering.

The final welding technique control was the tie-in along the length of
the beads at start and stop locations. For most repair cavities, the length
was short enough to travel the entire length without a start and stop due to
change of electrodes. When required, start and stop areas were handled by
first stopping the bead and grinding the crater smooth to remove any crater

indications and provide a smooth surface for the next bead.

In this manner, the underlying heat-affected zone in the start/stop region
was made as uniform as possible for subsequent tempering by the second and
third layer. The resulting excess reinforcement in this area would then be
ground flush prior to the next layer deposition. A summary of the parameters

and technique development for the half-bead process is shown in Table 3.4-1.
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Following parameter development, ASME Code qualification was performed.
This qualification and the microhardness testing are discussed in the next

two sections.
3.4.5.3 Half-Bead Repair Procedure Qualification

All ASME code qualification was performed in accordance with IWB4340
of Section XI, plus applicable ASME Section IX requirements invoked by IWB4340.

Electrode handling and moisture control requirements of IWB4331(b) were
applied to . 1 qualifications and repairs. This involved baking all electrodes
upon removal from hermetically sealed containers at 550°F ¢+ 50°F for 2 hours,
followed by holding at a temperature of 225°F - 350°F. Portable ovens at
225°F - 350°F were used at welding stations to limit electrode exposure to a

maximum of 20 minutes.

In order to provide the required material (SA508 CL 2) and restraint for
the qualification weld, a 12-inch size nozzle forging as shown in Figure 3.4-5
was used. Both horizontal and vertical weld grooves were prepared to evaluate
the process in both positicns and provide the length of weld required for
removal of weld and HAZ test specimens. The base material was certified by
impact and dropweight testing according to ASME Section III, NB2300 require-
ments for a T .. of -30°F.

The nozzle forging test specimens were certified using a pos:-weld heat
creatment of 40 hours at 1150°F, however, the forging itself had not been
installed in a vessel and therefore had not received post-weld heat treatment.
To comply with IWB4322.1(a) requirements, the forging was given a post-weld
heat treatment of 1150°F for 24 hours. The 24 hours was more than adequate,
since records for the Pilgrim reactor vessel show that all nozzles in the
lower shell assembly (which includes recirculation inlet and outlet nozzles)

received from 9-13 hours of post-weld heat treatment.
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Weld groove design for half-bead qualification (and repair application)

was selected from prior SE testing.

Prior to welding, the nozzle forging was uniformly heated to 300°F mini-
mum preheat as required by IWB4343(a). Welding was completed following the
technique shown in Figuies 3.4-7 and 3.4-8 with a maximum welding interpass
temperature of 400°F. Following welding the entire forging was post heated
to 450°F - 550°F for 2 hours minimum as required in IWB4343(d). The weld
sample was allowed to cool to ambient temperature -t which time radiographic

examination and mechanical test specimen removal was initiated.

Mechanical testing included trans...se side bend and tensile testing
per ASME Section IX, and all weld metal tensile and heat-affected zone/base
meta]l impact testing per IWB4322.1(j) and IWB4322.1(c) respectively. Mech-

anica! test results are shown in Table 3.4-2.

The acceptance criteria for the truiiverse tensile tests (specimens TT4
and TTS of Table 3.4-2) are defined in QW-153 and Table QW-422 of ASME Section
IX. For the SA508 Ci 2 (P-3 Group 3 material) the specified minimum tensile
strength is 80,000 psi, which was met for both test specimens. A specific
acceptance criteria is not defined for the all weld metal tensile specimen
LT1, so the value of 33,800 in Table 3.4-2 is recorded for information. Side
bend test criteria are defined in QW-163 of ASME Section IX. The criteria has
no open defects exceeding 1/8 inch lenath on the bend specimen surfaces.

The small de ects reported, typical of Ni-Cr-Fe weldments are well within

the acceptance criteria.

Impact test procedures and acceptance criteria are defined in IWB4322(lc)
of ASME Section XI. The test temperature for impact testing was selected
based on the drcpweight testing performed on SA508 Ci 2 actual base material.

° o - °
Test temperature was TNDT + 60°F, or +30°F for the base material TNDT of -30°F.
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Tests were performed using the standard 10 x 10 mm Charpy V specimens.
Specimens were removed from the vertical weld transverse to the weld line and

parzllel to the plate surface. The notch was located in the HAZ,

to cover the desired HAZ area. Companion base metal specimens
were obtained from adjacent locations while maintaining forging working and

quenching orientation comparable to those for the weld HAZ specimen.

The acceptance criteria for impact tests requires that the average mils
lateral expansion for the HAZ equal or exceed the unaffected base material.

From Table 3.4-2, it can be seen that the criteria has been met. The HAZ

Since this criteria has been met, additional Charpy testing was not

required.

Hardness testing was also performed to confirm the effectiveness of the
half-bead procedure in tempering the heat-affected zone. Those tests are

described in the next subsection.

3.4.5.4 Half-Bead Hardness Testing
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Locations for hardness testing are shown in Figure 3.4-9. Hardness
traverses were normally made starting at the fusion line moving outward into
the heat-affected zone in incremente of 0.008 inch. Readings were taken at
central bead locations (traverses B, C, D in Figure 3.4-9) and on edge beads
(traverses A, E in Figure 3.4-9). Hardness test results are plotted in

Appendix I.

In these figures, individual measurements are plotted. Lower and upper
bound lines are then constructed to encompass the range of the individual data
points. The hardness test results are discussed in detail in the following

subsections. The chemical compositions of the SA533 and SA508 materials

are shown in ..ble 3.4-3.

Bead on plate tests were performed to establish a baseline "as-welded"
hardness condition to compare the effectiveness of the half-bead procedure.
Figures I-1 and I-2 show the results of bead on SA533 Gr. B plate tests for a
single weld bead using 3/32 in. ENiCrFe-3 electrode and the welding parameters
of Table 3.4-4. These tests demonstrate the untempered HAZ hardness using the

lower and upper limit of the parameters for the half-bead first layer.

A Knoop to equivalent Rockwell

"C" hardness conversion table is shown in Table 3.4-5.

Using the procedure described in previous sections, a

significant improvement in HAZ hardness was achieved. Figures I-3 and I-4
show the results for horizontal half-bead groove welds on the SA533 Gr. B

plate material. For the central beads (refer to Figure 3.4-9) results in

Figure I-3 <how

For the edge beads, where less interbead tempering is present, results

in Figure I-4 show
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Using the vertical half-bead procedure, results for central and
edge bead locations on SA533 Gr. B plate are shown in Figures I-5 and I-6
respectively. Note in Figure I-5 that significant tempering has been achieved
at all locations with
over the entire HAZ area. At edge bead locations, desired results were again

achieved with

For the SA508 Cf 2 material, baseline bead on plate tests were also per-
formed using the parameters of Table 3.4-4, and are shown in Figures I-7 anc

I-8. For low heat input, results in Figure I-7 showed

The higher heat input parameters again produced hardnesses

above

Results of hardness testing on the SAS508 C{ 2 procedure qualification
half-bead weldments are shown in Figures I-9 and I-10. For the vertical half-
bead the significant hardness improvement can be seen by comparing results in

Figure I1-9 to Figures I-7 and I-8.

over the as-welded baseline condition.

For the horizontal half-bead of Figure I-10 hardness results showed more

variability than the vertical beads, but again showed significant improvement
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For comparison purposes, post-weld heat treated samples were measured
by the same microhardness techniques. These samples were prepared by butter-
ing SA533 Gr. B plate with two layers of ENiCrFe-3 using 1/8" electrode at
80-95 amps. The samples were then post-weld heat treated at 1150°F for four
hours. (These samples were actually used to qualify the low penetration weld-

ing procedures and welders described in Section 3.4.4.)

Results for the post-weld heat treated samples are shown in Figures I-11
and 1-12.

These results show that the high hardenability of these materials

e

results in a moderately hardened HAZ even in the post-weld heat treated condi-

tion.

The overall results of the microhardness testing can be viewed in several
ways. First, the results clearly showed the effectiveness of the selected
half-bead parameters in improving the HAZ hardness. As-welded bead on plate

peak hardnesses ranged

For this application, the half-bead repair was found to be fully accept-
able in terms of ASME Code and other technical criteria. 1In addition to ASME

Section IWB4340 requirements, residual stress and HAZ hardness were evaluated.
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Analysis showed that the butt weld residual stresses predominate or "over-
wheln" the majority of the half-bead rvsidual stresses. In addition, the I.D.
stainless steel cladding on the nozzle bcre prevents exposure of half-bead low
alloy steel HAZ or low alloy steel with high residual stress to the BWR

environment.

3.4.6 Application of Half-Bead Repair

Additional work was performed to apply the qualified half-bead procedure
to the recirculation inlet nozzles. This included weld joint and backing

material design, welder training and mockup testing.

The narrow annulus (0.25" nominal) between the nozzle bore and the outer
thermal sleeve (see Figure 3.0-1) required special tcoling to apply the half-
bead procedure. Local excavations were made to remove cracking (or in some
cases weldi ; defects) as required. These excavations were from 1-4 inches
wide anl from about 0.25-0.8 inches in depth, depending on the actual extent

of cracking and remaining butter thickness.

To repair a given cavity, a backing material between the nozzle bore and

thermal sleeve is required.

The basic weld repair scheme is shown in Figures 3.4-10 and 3.4-11. For
all repairs, the minimum cavity dimensions (angle, root opening and root radius)
that were qualified in the ASME Code testing must be applied to actual grindouts.
Following this criteria, the short horizontal repair in Figure 3.4-10 would be
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made usicg a with a horizental welding. A longer horizontal

repair cavity in Fi{zure 3.4-11 would be made using the

with a vertical up welding technique. Similarly, short or long vw»_tical repair
cavities (i.e., at the top or bottom of the nozzle) would be made using the

corresponding groove design and welding progression.

Because of the complexity of these repairs, all wclders wer gqualified for
all position NiCrFe welding to the required thicknesses per ASME Section IX.
Ir addition, each welder had to practice and demonstrate proficiency at per-
forming the half-bead prccedure in groove plates in the vertical up and hori-

zontal welding positions. Finally, all welders were trained

on mockups containing the nozzle and thermal sleeve.

Where appropriate, this training and practice was performed with face masks

and other radiation protective gear that would interfere with welding.

3.4.7 Additional Half-Bead Repair Requirements

To achieve the 300°F preheating and the 450-550°F vost-heating for the

half-bead process, electrical resistance methods were qialified and ,plied.

fpecial machining and exzainations were also required.

All heating work was performed using electrical resistance heaters aud
temperature controllers. First, {inite elewment analysis was performed to
determine heater requirements and temperature distributions. This analysis
also confirmed that unacceptable thermal stress would not be generated in the
nozzle or vessel wall as a result of local heating. Heating procedures were
then developed and checked out on a mockup. During the repair, nozzle temper-
atures were continuously monitored by ten thermocouples (plus spares) to con-
firm the Code required preheat, interpass and post-heat temperatures are
obtained and to provide data for a final verification analysis. The verifi-
cation analvsis was performed for all nozzles to again confirm acceptable
levels of thermal stress (so that unacceptable nozzle or vessel wall residual

stresses are no!t produced as a result of the heating).
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Following the repair and cooldown from the post-hect cycle, the first step
was to machine the burzering repairs to provide surfaces suitable for non-
destructive examination (NDE) and prepare a final machined weld preparation

for a new safe-end installation. Special tooling was developed to machine

the 1.D. of the repairs (with a tool in the narrow, 0.25" or less annulus).
After machining, the butter and accessible I.D. surfaces were liquid penetrant

examined and any blending or "touch up" repairs were performed if required.

Final NDE must be performed a minimum of 48 hours (per Code) after the
nozzle cools down to ambient tempeirature to assure delayed cracking is not
present. The final examination included radiographic and liquid penetrant
examinations of the butter and the "3T" heating zone on the nozzle, adjacent

to the butter. Finally, vultras evamination was performed of the "3T"

band per Code requiremenrts.

After half-bead repairs and examinations were completed, the new safe-ends
were installed with automatic Gas Tungsten Arc Welding (GTAW) using ASME SFA
5.14 ERNiCr-3 consumable inserts and filler metal. The safe-ends themselves
are General Electric 316 Nuclear Crade material, which is pre-buttered on the

end in the shop using ERNiCr-3 (so that a similar metal field weld can be made).

3.4.8 Llocal Post-Weld Heat Treatment Repair

For the recirculation outlet nozzle found to contain cracking (N1-B),
v< -buttering using ERNiCr-3 (Alloy 82) filler material and local post-weld
heat treatment (PWHT) was applied. This work was performed under the rules

of ASME Section 111, Article NB40OO.

YL This repair was selected because the extent of cracking on this nozzle
T would have required considerable half-bead repair area. The time and potential

dif€4--.ra: 3 associated with such a repair made local half-bead impractical.

fccordingly, the original NiCrFe (Alloy 182) was removed by machining, down

to the original low alloy steel macerial. A specially designed backing ring

re-buttered with NiCr (Alloy 82" was installed to provide a ood surface for
P y P g

the new burtering buildup, and to prevent distortion of the nozzle end
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radially inward. The nozzle was locally preheated to 250°F, and the new butter
was applied using SFA 5.14 ERNiCr-3 and automatic GTAW. Preheat was maintained
continuously until the start of PWHT at 1150°F for one hour per inch of
thickness.

As for the heating work per ormed on recirculation inlet nozzles, thermal
analysis and mochup testing were performed tn confirm acceptable thermal
stresses ard develcp the required heater position and power requirements.
During the preheat and post-weld heat treatment 19 thermocouples (plus spares)
were applied at key nozzle locations to monitor and control all heaters and

provide data for final thermal stress analvsis.

Based on measured nczzle temperature and heating/cooling cycles, thermal
stress analysis was performed to confirm acceptable stress levels. This
analysis showed that allowable thernal stress gradients were maintained
throughout the process, and that unzcceptable residual stresses were not pro-

duced in the nozzle or vessel wall.

Following heat treatment, the backing ring and butter were machined and
examined by liquid penetrant and radiographic methods per applicable NB5000
requirements. The new safe-end was then installed using NiCr (Alloy 82) mate-

rial and automatic GTAW as was applied to the inlet safe-ends.

3.4.9 Summary

# complex nozzle buttering repair program was successfully qualified and

implemented on the Pilgrim recirculation inlet and outlet nozzles.

The ue~ of controlled grinding and machiring to remove all unacceptable
cracking or welding defects prepared the nozzles for conventional, low pene-
tration or half-bead and local post-weld heat treatment repair as required.

All procedures were qualified and performed under the rules of ASME

Section XI or 111 as applicable under the Owner's Repair Program. In addition
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to Code requirements, special evaluation, test work, training, examinations
and finite element analyses were performed by General Electric to support

these complex repairs. Repair of NiCrFe to original condition using the same
material was technically supported by extensive failure analysis to under-
stand the nature of the cracking and special analyses showing residual stress
conditions and their influence on .racking. The final, long term justifica-
tion for the repair, however, is the elimination of the susceptible environment

through the application of hydrogen water chemistry.
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Table 3.4-1

HALF-BEAD WELDING PARAMETERS
A(GE COMPANY PROPRIETARY)
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Table 3.4-2
HALF-BEAD REPAIR QUALIFICATION - MECHANICAL TEST RESULTS

Tensile Tests

Ultimate Ultimate Character

Specimen Total Load Unit Stress of Failure
No. Type Area (1b.) (psi) & Location*
TTa Transverse 0.192 16,012 83,400 BM Ductile
TT5 Transverse 0.193 16,096 84,400 BM Ductile
LT1 All Weld Metal 0.192 18,009 93,800 WM Ductiie

GCuided Bend Tests

Type Results Comment
Side Bend One defect, 1/64" Acceptable
Side Bend Three defects, 1/32", 1/32", 1/64" Acceptable
‘ Side Bend Two defects, 1/16", 1/32" Acceptable
Side Bend One defect, 1/32" Acceptable

Toughness Tests

Lateral Exp.

Specimen Notch Notch Test Impact
No. Location Type Temn. Values % Shear Mils
CH-7 HAZ 45°V 29.5°F 78 53 50
CH-8 HAZ 45°V 29.5°F 80 69 4a
Ch-9 HAZ 45°V 29.5°F 81 72 43
CB-1 Base Metal 45°v 29.3°F 43 34 37
CB-2 Base Metal 45°v 29.3°F 31 35 28
CB-3 Base Metal 45°v 29.3°F 67 48 53

*BM - Base Metal
{ WM = Weld Metal
HAZ - Heat Affected Zomne
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Table 3.4-3
CHEMISTRY OF LOW ALLOY STEELS USED IN HALF-BEAD REPAIR PROGRAM

Material Heat No. Type C Mn P S Si Ny Cr Mo
SA533 Gr. B C&132 Mill 0.21 1.32 0.013 0.006 0.26 0.61 - 0.58
Check 0.20 1.26 - -- 0.25 0.59 0.22 0.56
SAS08 Ct. 2 Q2QL23QT Ladle 0.18 0.74 0.008 0.010 0.23 0.37 0.78 0.65
(Forging 402H-1) Check 0.17 0.74 0.015 0.013 0.23 0.35 0.84 0.62

0€L0€-00AN
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PARAMETERS FOR BEAD ON PLATE TEST FOR AS-WELDED HAZ HARDNESS
(GE COMPANY PROPRIETARY) :
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Table 3.4-5
EQUIVALENT HARDNESS CONVERSIONS

Knoop 500g Rockwell C
520 50.5
510 49.8
500 49.1
490 48.4
480 47.7
470 46.9
460 46.1
450 45.3
440 44.5
430 43.6
420 42.7
410 41.8
400 40.8
390 39.8
380 38.8
370 37.7
360 36.6
350 35.5
340 34.4
330 33.3
320 . -8

g 310 31.0

300 29.8

290 . 28.5

280 27.1

270 25.6

260 24.0

250 22.2

{ 240 20.3
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PIPING
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REMOVE cur3
SAFE END MACHINE AT ANGLE
FOR NEW WELD PREP
i

Figure 3.4-1.

Safe-End Removal and Weld Preparation Technique
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22.1/2°
ORIGINAL SHOP AND
REPLACEMENT | 25° FIELD WELD PREP ANGLE
DESIGN WELD
PREP ANGLE

82/182 FIELD WELD

77777 7L L LS

SHOP 182
BUTTER

Figure 3.4-2. Configuration for Nozzles Where Field Weld and Original
Safe-End Weld are Acceptable to Retain Desired Butter

Thickness

82/182 FIELD WELD

7777777772 L7 Ll LLLLL L

SHOP 182
BUTTER

Figure 3.4-3. Configuration for Nozzles Vhere Unacceptable Indications
in Field Weld Require Removal by Machining, Resulting

in a Reduced Bucter Thickness
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MINIMAL BEAD OVERLAP

e TR SRS S
s e e

STRUCTURE IN VALLEYS
BETWEEN BEADS MORE
DIFFICULT TO TEMPER

INCREASED BEAD OVERLAP

e A LI DALD e

|y

TIGHT BEAD OVERLAP
CREATES MORE UNIFORM
HAZ AND INCREASES
INTERBEAD TEMPERING

Figure 3.4-4. Effect of Bead Overlap on Half-Bead Tempering Process

3-77



NEDO-30730

*SA 508, CLALS 2 FORSGING
FORGING NO. 401H-1
HEAT NO. Q2GL23QT

WELD
GROOVES
LOCATION OF r 1 | - —
FORGING ID - — L —
STAMPING
WELD GROOVE
7
WELD GIOOVE/
il 18 IN. -

Figure 3.4-5. Half-Bead Weld Procedure Qualification Sample

3-78




Figure 3.4-6.

NEDO-30720

Weld Croove Design for Half-Bead Qualification
(CE COMPANY PROPRIETARY)
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Figure 3.4-7. Half-Bead Welding Procedure for Horizontal Weld Grooves
/GE COMPANY PROPRIETARY)
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-

Figure 3.4-8. Half-Bead Welding Procedure for Vertical Weld Grooves
(GE COMPANY PROPRIETARY)
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Locations for Half-Bead HAZ Microhardness Traverses
(GE ~C.'®ANY PROPRIETARY)
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Figure 3.4-10.
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Half-Bead Repair Te~hnique for Short Horizontal Repair Cavity
(Thermal Sleeve not Shcwn) (GE COMPANY PROPRIETARY)
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Figure 3.4-11.
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Half-Bead Repair Technique for Longer Horizontal
Repair Cavity (GE COMPANY PROPRIETARY)
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3.5 QUALIFICATION OF HYDROGEN WATER CHEMISTRY

3.5.1 Introduction

The recirculating cocolant in boiling water reactors (BWRs) is high-purity
(no additive) neutral pH water containing radiolytically produced dissolved
oxygen (100-300 ppb). This level of dissolved oxygen is sufficient to provide
the electrocuemical driving force neeaed to promote intergranular stress cor-
rosion cracking (IGSCC) of sensitized austenitic stainless steel piping and
similar structural components if the other two prerequisites for ICSCC [a
sensitizel microstructure (chromium depletion at the grain boundaries) and a
tensile stress above the yield stress] are also present. A variety of 1GSCC
remedies have been developed and qualified which address the sensitization
and tensile stress aspects of stress corrosion cracking, inciuding Nuclear
Grade Type 316 and 304 stainless steels, solution heat treatment (SHT),
corrosion-resistant cladding (CRC), heat sink welding (HSW) and induction
heating stress improvement (IESI). It should also be possible to suppress
1GSCC by reducing the electrochemical driving force for 1GSCC (i.e., by modi~

fying the BWR coolant environment).

The demonstration of an 1GSCC remedy based on modifying the chemistry of
the 3WR coolant is the objective of an ongoing materials test program. The
basic concept is to reduce the agoressiveness of the I'/R environment by adding
hydrogen gas to the feedwater to reduce the dissolved oxygen level and reducing
the coolant conductivity to a low value by improved operational practices.

This approach appears to have the potential for "blanket" protection of all
types of BWR structural materials during power operation of the plant and may

arrest the growth of incipient cracks.

To evaluate and quantify the beneficial effects of oxygen suppression
through hydrogen additions, numerous laboratory and Dresden-2 in-reactor test-
ing techniques have been used to study a broad range of BWR structural materials
and corros‘on phenomena. The results of these laboratory materials programs

and Dresden-2 operational results are the subject of this subsection.
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3.5.2 Research Objectives and Principal Findings

3.5.2.1 Full-Size Welded Stainless Steel Pipe Tests

Pipe testing has been performed to quantify the »“fect of HZHC on the
16SCC performance of Type 304 stainless steel piping. The general a proach
is similar to that used for the General Electric/EPRI Program, "Alternate
Alloys for BWR Pipe Applicationl".6 EPRI Project RP-968. However, instead
of selecting and qualifying a particular alternative piping alloy, the thrust
of the present program was to quilify an alternative environment using hydrogen

addition to reduce the dissolved oxygen concentra.ion.

To reliably demonstrate the improved IGSCC performance of Type 304 stain-
less steel in HZHC in a reasonable period of time, a reliable, accelerated
test representative of actual field piping conditions was required. The full-
size welded pipe test which was developed for EPRI RP-968 fits this require-
ment. A statistical method was used for developing factors of improvement
(FOI) by comparing times-to-failure for alternate alloy with similar data for
the reference alloy, Type 304 stainless steel. Similarly, the method was used
to establish a FOI for H,WC vis-a-vis the normal 200 pph 02/288'C (550°F)

BWR steady-state environment by comparing times-to-failure for the reference

alloy in the two environments.

The pipe tests were conducted in simulated BWR high temperature water
environments in the Pipe Test Laboratory (PTL) as described in detail else-
vhere.7 This facility was modified to provide control and monitoring capa-
bility for hydrogen addition and the lower 02 and conductivity levels required

for szc,

Initially, the HZWC environment was selected as 50-70 ppb 02 with a con-
ductivity of 0.6 ¢ 0.3 pS/cm. This environment was established at a time when
it was not certain if lower 02 levels could economically be established in a
plant and was expected to provide conservative data. Four H,WC crack growth
specimens, six HZUC crack initiation specimens and four reference specimens

exposed to 200 ppb 02 environments were initially included in the program.
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Of the four crack growth specimens, two were sectioned metallographically
after precracking in 200 ppb 02 water to determine pre-crack depth and two
were continued on test in the 50-70 ppb O2 uzuc environment.

As described in additional detail later in this section, premature crack-
ing occurred in the initial 50-70 ppb 02 H2HC environment and it was determined
that dissolved oxygen and conductivity must be lowered to 20 ppb and <0.2 uS/cm,
respectively, to demonstrate improvement. Exposure of all cracked specimens
was then continued in the new specification HZHC environment to determine if
crack arrest would occur. Additionally, two new crack growth specimens and
three new crack initiation specimens were added to the program for testing in

the new szc environment.

The total test matrix is shown in Table 3.5-1. Four heats of Type 304
stainless steel were included in the program. One heat of Type 316 Nuclear

Crade stainless steel was included in the crack initiation tests.

The 10-cm (4-in.) Schedule 80 pipe specimens were assembled using eleven
10-cm (4=-in.)-long test pieces from one heat, two transition pieces, and top
and bottom end caps joined by circumferential welds a2s illustrated in
Figure 3.5-1.

The pipe specimens were cylically loaded at one cycle per day in a pipe
test stand (Figure 3.5-2). The loaded waveform is shown in Figure 3.5-3.
A long hold time was used to prevent fatigue failure during long exposure to
develop factors-of-improvement (FOI). To accelerate cracking, axial test
loads were applied to attain a maximum nominal pipe section stress equal to
233.2 MPa (33.8 ksi) ZSH (SH = ASME Code allowable), as determined at the

smallest cross section of the specimen, the weld counterbore.

The results were evaluated by ultrasonic test (UT) and metallography.
Specimens were given an initial baseline UT before geing on test. The pipe
tests were conducted until through-wall cracks occurred or until the test

objectives were achieved and removed for destructive metallographic evaluation.
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The longer exposure specimens were periodically removed from test for UT

inspection to estimate crack growth.

Crack growth pipe specimen AWC-1 failed by IGSCC at HAZ location desig-
nated J-1 after 30 cycles, 844 hours exposure to the 50-70 ppb 02/0.6 uS/cm
conductivity HZUC environment. This specimen had a precrack initiated in the
200 ppb oxygen environment estimated by UT evaluation to be 0.38 mm (15 mils)
deep. During the 50 to 70 ppb 02/0.6 uS/cm conductivity HZWC exposure, the
intergranular portion of the crack grew to a maximum depth of 4.8 mm (190 mils)
and extended to 360° around the pipe, after which the pipe failed in ductile

tension.

Because failure of Specimen AWC-1 occurred earlier than expected for
szc exposure, testing of all pipe specimens in this environment was inter-
rupted and UT evaluations were conducted. Table 3.5-2 lists the accumulated
exposures of the specimens and estimated maximum crack depths from UT

inspections.

It can be seen that all specimens tested in the 50 to 70 ppb 02 high con-
ductivity HZUC environment exhibited early cracking except Specimen AWC-14,
which was fabricated from Type 316 Nuclear Grade (NG) stainless steel pipe.
This specimen showed no crack indications for UT examination at maximum sen-
sitivity. Subsequent metallographic examination on specimen AWC-14 verified

the UT results.

The remaining unfailed, but cracked specimens from this environment were
transferred to the lower oxygen/conductivity environment described above to

determine if crack arrest would occur in this environment.

The results of exposure of the precracked specimenc to typically 20 ppb
0210.2 uS/cm conductivity environment are also listed in Table 3.5-2. None of
these specimens failed during exposure times significantly longer than the
failure times for the four reference 200 ppb oxygenated water specimens listed

in Table 3.5-2. All of the precracked specimens, except AWC-1l, showed some
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erack extensicn in the lower oxygen environment. Specimens AWC-9 and AWC-12
had one weld removed from each four metallographic sectioning to characterize

the cracking.

The metallographic sections of Specimens AWC-9 and AWC-12 showed inter-
granular cracks with a transition to transgranular during the later stage of
cracking. SEM examination also showed intergranular thumbnail cracks with a
transition through mixed mode to total transgranular cleavage fracture at the
root of the cracks and. in most instances, showed striations which are indi-

cative of fatigue associated with the clcavage fracture.

Two additional crack growth specimens (AWC-15 and AWC-16) were precracked
in 0.2 ppm 02 water to depths of approximately 1.27 and 1.02 mm (50 and 40
mils), respectively. Specimen AWC-15 was exposed to the low oxygen/

conductivity szc environment for 5310 hours (including 343 hours in 200 ppb

02) and Speimen AWC-16 was exposed to the 0.2 ppm O2 water control environ-

ment at constant load to evaluate the fatigue component of crack propagation.
Specimen AWC-16 failed in 1285 hours, while the precracked specimen AWC-15

did not fail during th~ total 5653 hours of exposure.

Due to premature failure of the original crack initiation specimens in
the 50-70 ppb 02 water, three new crack initiation specimens (one from each
of three heats, Specimens AWC-17, -18, and ~19) were tested in the low oxygen/
conductivity environment. Specimen AWC-17 was removed from test after 1693
hours for interim UT examination and removal of one weld for dye penetrant
test and sectioning. No evidence o. crack initiation could be seen at this
time. It was repaired and returned to test. Specimens AWC-17, ~18, and ~19
have obtained 5122, 7580, and 7585 hours of exposure, respectively, with no
UT indications of cracking (FOl of at least 25). Through-wall failures of
these pipes in the reference environment would be expected in approximately

1500 hours.
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3.5.2.2 Crack Propagation Studies

The series of tests performed under the general heading of crack propaga-
tion studies had two major objectives: (1) determine the effects of a reduc-
tion in the dissolved oxygen level in the coolant on the crack propagation
rates for key BWR structural materials, and (2) determine the crack arrest and
retardation behavior in this reduced oxygen environment. The types of testing
techniques utilized to provide this information included low cycle fatigue
tests, constant load stress corrosion crack growth tests and fatigue crack

growth tests.

3.5.2.2.1 Low Cycle Fatigue Tests on Carbon Steel. A series of fatigue crack

initiation tests was performed to determine the effect of dissolved oxygen on
the fatigue lifetime of carbon steel piping in high purity wates. Tests were
conducted on notched and unnotched specimens of SA 106-B carbon steel at low
(11.1 cph) and high (277 cph) frequencies. The specimens were cylically loaded
with a R* ratio of 0.08.

The test revealed that HZHC should not adversely affect the notched or
unnotched fatigue crack initiation behavior of carbon steels. Indeed, a HZHC
specification of 20 ppb 02 and 0.2 ./cm conductivity clearly inhibits crack
initiation and lifetimes approach those obtained in air tests. The service
lifetime of carbon steel piping in BWRs probably can be extended by controlling

the dissolved oxygen and conductivity levels to low values.

3.5.2.2.2 Stress Corrosion Crack Growth Tests. One standard 1T-WOL specimen

(Figure 3.5-4) was fabricated from each of four typical BWR structural mate-
rials: (1) furnace sensitized [621°C (1150°F)/12 hr] Type 304 stainless steel;
(2) furnace sensitized [621°C (1150°F)/2 hr] Type 316 nuclear grade stainless
steel, (3) SAS08 Class 2 low alloy steel; and (4) SA333 Crade 6 carbon steel.
Each specimen was fatigue precracked in room temperature air to ensure that

an active fatigue crack was present prior to environmental testing.

minimum load
maximum load

R -
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The SCC test was performed in six loading phases (three slow cyclic load-
ing phases and three constant load phases) as gshown in Figures 3.5-5a, b, c.
The slow cyclic loading (SCL) phase prior to each of the three constant load
(CL) phases ensured that each specimen had an active crack growing in the
environment prior to switching to constant load. The loading during each of
the constant load phases was selected so that the stress intensity (K) for
each specimen corresponded to the K levels used in previous 288°C (550°F)/
200 ppb oxygenated water baseline tests.a Therefore, a direct comparison of
crack growth rates in the 200 ppb oxygenated water baseline environment and
H.WC sould be made. The results of these tests are summarized in Tables 3.5-3

2
and 3.5-4 for the HZHC and nominal environment, respectively.

The results of the SCC growth tests revealed that the HZUC environment
was detectably less aggressive than the 200 ppb 02 environment for three of
the four materials tested; the Type 316 Nuclear Grade stainless steel showed

no detectable growth in either environment.

3.5.2.2.3 Fatigue Crack Growth Tests. A total of ten compact tension (CT)

fracture mechanics specimens and two 1T-WOL fracture mechanics specimens were
tested at two cyclic frequencies. Each specimen was fatigue precracked a
minimum of 1.9 mm (0.075 in.) in room temperature air to ensure that an active
fatigue crack was present prior to testing in the szc environment. The mate~
rials tested were annealed, furnace sensitized, welded and low temperature
sensitized [482°C (900°F)/24 hr)] Type 304 stainless steel, furnace sensitized
Type 316 Nuclear Grade stainless steel, SAS508 Class 2 low ailoy steel and
SA333 Grade 6 carbon steel (only 1T-WOL specimens).

Six specimens were loaded at a time in a series chain using the skewed
sawtooth waveform shown in Figure 3.5-6. The cyclical irequency was 0.74 cph
(81-minute period) and 7.5 cph (8-minute period) with R = 0.6. Initial stress
intensity values were selected to obtain a direct comparison of crack growth
rates in szc with growth rates generated previously for the same materials in

a 200 ppb oxygenated water environment under identical loading conditions.
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The six 0.74 cph specimens were subjected to 1349 loading cycles in szc.
while the remaining 7.5 cph specimens were characterized by 15,000 cycles.
Compliance-based crack length data for the 12 specimens, as well as eight
specimens tested in the nominal environment, were analyzed for average crack
growth rate as shown in Table 3.5-5. These average cyclic crack growth rates
are plotted as a function of stress intensity range (AK) in Figures 3.5-7
through 3.5-10 for austenitic stainless steels and ferritic materials at the

two cyclic frequencies.

Figure 3.5-7 shows that the 0.74 cyclic crack growth rates for the two
sensitized Type 304 stainless steel specimens tested in 200 ppb 02 reference
environment were three times greater than the cyclic crack growth rate of
sensitized Type 304 stainless steel tested in szC. The solution annealed
and weld HAZ Type 304 stainless steel specimens which had a low degree of
sensitization had HZUC cyclic crack growth rates similar to the specimen which
was highly sensitized. Therefore, the degree of sensitization of Type 304
stainless steel seems to have little effect on cyclic crack growth rate in
s
Type 316 Nuclear Grade stainless steel in BZUC was only slightly less than the

WC under the loading conditions tested. The cyclic crack growth rate for
Type 304 stainless steel data.

A more dramatic difference in cyclic crack growth rate in HZUC versus
the 200 ppb O2 reference environment was seen in the carbon steel and low
alloy steel specimens (Figure 3.5-8). The 0.74 cyclic crack growth rate in
H2HC was 20 times less for carbon steel and 7 times less for low alloy steel
than in the 200 ppb 02 reference environment. Similar differences in cyclic
crack growth in HZUC versus the 200 ppb 02 reference environment were seen at
higher 7.5 cph, where the factor of improvement for Type 304 stainless steel
was similar to that obtained at the lower frequency, but significantly higher

(450 and 1000X) for the ferritic materials (Figures 3.5-9 and 3.5-10).
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3.5.2.3 Corrosion Potential Measurements and Slow Strain Rate Tests (CERT and
SET)

The objective of this part of the program was to determine whether stress
corrosion or other forms of localized corrosive attack can occur in HZHC. The
task included three subtasks: (1) measurement of the corrosion potentials of
Type 304 stainless steel, Alloy 600, carbon steel, Zircaloy-2, and low chromium
(simulated sensitized grain boundary) Type 304 stainless steel in six water
environments covering the expected range of HZUC dissolved oxygen and hydrogen
contents; (2) Constant Extension Rate Technique (CERT) testing of Type 304
stainless steel, Alloy 600 and low alloy and carbon steels, in three OZ-H2
water environments selected from subtask (1), plus additional CERT tests on
low alloy and carbon steel to support the Dresden-2 tests and (3) limited
Straining Electrode Technique (SET) testing of Type 304 stainless steel,

Alloy 600 and Alloy X-750 at various test potentials simulating the nominal

and HZHC environments.

3.5.2.3.1 Corrosion Potential Measurements. The decrease in dissolved oxygen

content in the BWR coolant as a result of hydrogen additions to the feedwater
should significantly reduce the corrosion potential, which is a measure of the
thermodynamic driving force for corrosion reactions. Figure 3.5- 1 from Indig
and Hcllree9 indicates that there is a rapid drop in ““e corrosion potential
of Type 304 stainless steel when the dissolved oxygen content falls below
approximately 40 ppb.

The ccrrosion potentials of Type 204/ rtainless sceel, Alloy 600, carbon
steel (SA332, Gr. 6), Fe-10Ni-B.1Cr, Zircaloy-2 and platinum were measured
against a nigh temperature Ag/Agl) reference electrode in high purity water
and in a 0.0IN ansoa solution. The high purity water and sodium sulfate
solutions contained specific concentrations of dissolved oxygen and hydrog..
and were heated to 274°C (525°F). 1In the NaZSO“ solntions, the potential of

pressure vessel steel (SA533 Gr. B) was also determls

In high purity water, the electroch:mical potentials for stainless steel

tended to be below the potentials previously reported when the dissolved
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oxygen concentration was >100 ppb. At very low dissolved oxygen concentrations,
the opposite effect occurred; the potentials were above previous values. The
other iron and nickel base alloys behaved similarly. The net effect was to
limit the response of electrochemical potential with changing dissolved oxygen
concentration. The corrosion potentials in C.OIN N.zsoa were lower than in
high purity water. In part, this decrease in potertial is related to an
increase in pY because the NCZSO“ forms a basic solution in high temperature
water. It appeared that hydrogen had only an indirect effect on the electro-
chemical potentia' of the corrosion electrodes as measured in these laboratory
tests. In-reacto the major effect of hydrogen will be in recombination with
oxygen, and as the oxygen decreases, a decrease in the chemical driving force

for IGSCC.

3.5.2.3.2 Constant Extension Rate Tests. The constant extension rate test

(CERT) facility used for studying stress corrosion cracking behavior of alloys
in simulated BWR environments was described by Clarke, Cowan, and Danko.lo To
minimize oxygen gettering due to chemical reaction with heated surfaces, the

regenerative heat exchanger was fabricated from titanium tubing and the pres-

sure vessel and load frame internals were made from Ti-6A1-4V alloy.

All CERTs (apart from the Dresden-2 support tests) were conducted at 274°C
(525°F) in controlled aqueous environments (both water purity and dissolved gas
concentrations) at a strain rate of 2x10-5 nin-l. CER1s were conducted on
Type 304 stainless, Alloy €00, pressure vessel low alloy steel (SA533) and
carbon steel SA333, Gr. 6.

Table 3.5-6 presents a summary of the experimental conditions and the
CERT results for the materials tested. The CERT results tabulated are the
mechanical properties, failure times, and failure morphologies. Lower values
of the mechanical properties and shorter CERT testing times are indications
of stress corrosion cracking. Verification of stress corrosion cracking is

obtained by post-test examina:ion.
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The most important result of these tests was that none of the alloys
exhibited any sign of stress corrosion cracking in the hydrogen water chemistry
environment. Except for Alloy 600, all of the alloys exhibited some degree of

stress cracking in a simulated normal BWR environment.

The CERT tests performed in support of the Dresden-2 HZHC demonstration
used SAS08 Class 2, SA533 Grade B Class I low alloy steel and SAl06 Crade B
carbon steel tested in the creviced and uncreviced condition. The crevice was
produced by wrapping and spot welding thin stainless steel shim stock around
the test section. The test conditions and results are presented in Table 3.5-7.
Comparison of these data with previous low alloy steel CERT data in 200 ppbd
02 water, 8.0 ppm 02 water and air shows the benefit of the HZHC (50 ppd 02.
230 ppb H
corrosion cracking (TGSCC) in 0.2 ppm 02. these HZUC CERT test results reveal

20 <1 uS/em). In constrast to the roughly 20% transgranular stress

the 100% ductile behavior and appear to be essentially the same as 288°C
(550°F) air test results.

The CERTs clearly indicated that in high purity water, intergranular
stress corrosion cracking of weld-sensitized Type 304 stainless steel and
TGSCC of pressure vessel and carbon steel can be prevented by hydrogen water

chemistry.

The indications from CERTs run in the present and previous programs are
that the low alloy and carbon steel are more resistant to stress corrosion

cracking in higher dissolved oxygen concentrations than stainless steel.

Alloy 600 in the welded + LTS condition did not show any indications of
1GSCC in any of the CERTs. This was not surprising, since the only instance
of IGSCC of this alloy in the field was related to the presence of crevice

and high concentrations of an impurity (resins).

3.5.2.3.3 Straining Electrode Tests. The straining electrode test (SET) is

a CERT conducted under potential control rather than chemical control. Because
potential control requires the passage of current through the solution in con-

tact with the specimen, a conductive electrolyte is used to minimize IR drops.
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A circulating deaer.ted 0.CIN solution of Na,SO, maintained at 274°C (525°F)
was the electrolyte. The control potentials simulated either normal BWR or
Bzﬂt environments. All specimens were pulled to failure at a strain rate of
2:‘10"5 l1n°1 in an austenitic stainless steel pressure vessel. Since deaerated
test solutions were used, titanium alloys in the high temperature SET eystem

were not necessary.

The results of the SETs are presented in Table 3.5-8. The critical find-
ings in these tests were that no SCC occurred at potentials that simulated the
hydrogen water chemistry environment for Type 304 stainless steel, Alloy 600
or Alloy X-750. IGSCC did occur in the simulated nominal environment for Type
304 stainless steel and Alloy 600. No cracking of Alloy X-750 occurred in the
SETs at -0.100 and -0.700VS“£.

b T ! In-Reactorgﬁ;wc Test Results

Materials tests have been conducted at Dresden-2 under quc conditions to
confirm the results of the laboratory szc investigations. These tests indi-
cate the laboratory data appear to be directly applicable for predicting mate-
rials behavior in an operating BWR.

The first set of hydrogen injection verification studies was run at the
Dresden-2 nuclear power plant of the Commonwealth Edison Co. from May 19 to
July 7, 1982.11 Hydrogen was added to the reactor feedwater via injection taps
in the condensate booster pump casings. Initially, hydrogen was added for
five consecutive steady-state periods, during which feedwater hydrogen con-
centrations in parts per billion were: <5 (two days), 200 (two days), 400
(two days), 1000 (four hours) and 1800 (four hours). Reactor power during
this sequence was held at about 83% of full power (2527 MWTh).

The remainder of the initial demonstration testing with hydrogen was done

from June 3 to June 29 to support electrochemical potential (ECP) measurements

and CERT tests in the reactor autoclaves. Except for power decreases for
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maintenance or weekend surveillance testing, reactor power was close to 100%
during this time. The hydrogen addition rate was adjusted to produce the
required oxygen concentrations in the test autoclaves (reactor recirculation
system water) and ranged from 0.6 to 1.3 ppm in the reactor feedwater. After
the cessation of hydrogen addition, there were 10 additional days of CERT

testing under normal reactor conditions to provide baseline comparison data.

In April 1983, Dresden-2 initiated full time operation on hydrogen water
chemistry. From October 1983 through April 1984, a second series of ECP

measurements and CERT tests were performed in the same reactor autoclaves.
3.5.3.1 Corrosion Potential Measurements

Electrochemical potentials (ECP) of Type 304 stainless steel, Alloy 600,
SA533-B low alloy steel, and platinum were measured against an AgCl reference
electrode in an autoclave containing flowing reactor water. In general, the
ECPs decreased directly with oxygen concentrations in a manner similar to that
obtained in the laboratory (Figure 3.5-12). With time, however, at any con-
stant oxygen concentration and conductivity, the corrosion potential of film-
forming materials drifted upward. The platinum potential was unique and more
sensitive to hydrogen than oxygen concentration. Based on these potential
measurements, and the stress corrosion cracking results (discussed below),
it appears that intergranular stress corrosion cracking (IGSCC) of furnace-
sensitized Type 304 stainless steel in boiling water reactors can be prevented
at corrosion potentials less than '325‘“VSHE' in agreement with the laboratory

test data presented earlier.

During the second ECP measurement campaign at Dresden-2 (October 1983 -
April 1984), the ECPs of stainless steel were measured for 3330 hours (+139
days). Potentials obtained during this extensive coverage were similar to
those measured during the first demonstration campaign. The normal Dresden-2
environment was characterized by an ECP range for Type 304 stainless steel of
=100 to -200 “Vsnz' while the hydrogenated Dresden-2 environment reduced the
Type 304 stainless steel potential to -370 to =460 mVS“E. It appears that,
during times when HZ“C is terminated, a "memory' effect occurs in that the
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potential does not suddenly rise into the range where ICSCC of sensitized
Type 304 stainless steel can occur. Instead, the potential rises slowly,
which creates a window of time prior to rising into the cracking potentia

region. Typically, this window is 10 hours (Figure 3.5-13).

The ECP measurements obtained during the second campaign also revealed
that at Dresden-2 there is no significant difference between the ECPs of
filmed or unfilmed Type 304 stainless steel and Type 316 stainless steel.

This differs from some of the data obtained by ASEA-ATOM at Ringhals-1, whick
suggests that Type 316 stainless steel reaches a significantly lower potential

in qud than Type 304 stainless steel.
.2 In-Reactor CERT Test Results

Two low alloy steel and three furnace-sensitized Type 304 stainless steel
specimens were tested in Dresden-2 environments modified by hydrogen injection
and in the normal BW nvironment that coutained approximately 200 ppb diss

oxygen during the in H_WC demonstration. In the modified BWR environ-

-

ments, two different H, injection rates resulted in dissolved oxygen concen-
-~

trations of 40 * 5 and < ) issolved oxygen. Type 304 stainless steel
tensile samples were run in both of the modified environments, while the SA533
Grade B low alloy steel was tested in the aqueous environment that contained
<20 ppt UZ'

For Type 304 stainless steel, suppressing the dissolved oxygen to 40 ppb
resulted in a decrease in the amount of IGSCC, but elimination of the phenome-
non did not occur until the dissolved oxygen concentration was <20 ppb.

Stress versus time plots, normalized to a crosshead speed of 25 um/hr (0.001
in./hr) (Figure 3.5-14) are shown for the three different reactor environments.
The vertical dashed lines indicate the times the load was removed from the
tensile specimen when the hydrogen injection system was shut off. The "x's
{ndicate CERT data obtained in 288°C air. When the curves are converted to
stress-strain curves at a crosshead speed of 25 ym/hr (0.001 in./hr), each

100 hours of the testing results in a 13.3% specimen strain. The curves
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clearly show the increased ductility and tensile strength (decreased IGSCC)
with decreasing diss~'ved oxygen concentration. The <20 ppb oxygen data is
similar to that obtained in high temperature air. The CERT at the lowest dis-

solved oxygen concentration was terminsted before specimen failure.

The low alloy steel samples during the 1982 campaign clearly showed the
benefit of reduced cxygen concentration in stress corrosion response. Both
iaboratory and in-reactor studies are in agreement, as the transgranular stress
corrosion cracking was eliminated as the oxygen decreased to <20 ppb. Since
the pressure vessel steel was tested at 75 um/hr (0.003 in./hr), each 10 hours
of extension should produce about 4% strain. Transgranular cracks were found
in the sample tested in the laboratory in water containing 20) ppb dissolved
oxygen, but no cracks were found in the samples tested in the laboratory or
reactor in the low dissolved oxygen environment. Since low alloy steel is more
tolerant of higher oxygen concentrations and lower water purity than sensitized
stainless steel, any oxygen-conductivity environment which provides SCC
protection for sensitized stainless steel will alsc provide protection for the

low alloy steel.

The 1983-1984 CERT test campaign at Dresden-2 was characterized by a
similar set of seven experiments. Four furnace-sensitized Type 304 stainless
steel specimens, one furnace-sensitized Type 304 stainless steel specimen
precracked by IGSCC in a 0.2 ppm oxygen water laboratory autoclave and shipped
to the site, one SAl06 Grade B carbon steel and one SA508 Class 2 low alloy
steel specimens were tested. The vesults of these CERT tests plus the results

of the first campaign and comparable laboratory tests are summarized in

Table 3.5-9 clearly indicates an excellent correlation between Dresden-2
and laboratory CERT test results. It also clearly shows that H2HC provides
mitigation of 1GSCC in furnace sensitized Type 304 stainless steel even in
{nstances where hydrogen addition has been interrupted. For example, in one
CERT study (line No. 6) 396 hours of test timenand 45% strain were accumulated
with >10% of the test time in oxygenated water (30 hours with no H2 and 02
>200 ppb and 15.5 hours with O2 at 25-41 ppb) and no 1GSCC was iden:ified.
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However, in CERT No. 5, a 12-hour continuous test period with the hydrogen
injection terminated produced minor IGSCC damage. (This test result 1is also
marred by a thermal overload problem which resulted in extremely high thermal
gtress.) The precracked furnace-sensitized Type 304 stainless steel specimen
(No. 8) (67 hours in 200 ppd 02) failed by ductile tearing after 301 hours

in Dresden-2. The mechanical parameter of this specimen is similar to non-
precracked specimens. It is also important to note that this test included
10 hours >40 ppb oxygen. Finaily, no IGSCC was identified in either SA508-2
and SA533-B low alloy steel and SA106-B carbon steel in szc at Dresden-2

despite interruptions in hydrogen injecticns.
3.5.3.3 1In-Reactor DC Potential Drop Crack Crowth Test

Crack growth data versus time and environment on precracked furnace-
sensitized Type 304 stainless steel is being obtained at Diesden-2 using the
reversing DC potential drop technique as developed by GE Corporate Research
and Development. The specimen was precracked in San Jose in the nominal 200
ppb 02 and then transported to Dresden-2 for testing. The KI level for the
specimen bounds the crack previously identified in Dresden-2 safe-end at 27.5
MPa /m (25 ksiv/in.). To supplement this program, bolt-loaded WOL specimens
(one each) of Alloy 600 and unclad SA508 Class 2 low alloy steel have also been

inserted into the autoclave.

Figure 3.5-15 presents the early DC potential drop crack growth data of
the precracked furnace-sensitized Type 304 stainless steel specimen. Although
the data is preliminary and is clouded by a reactor scram which occurred
approximately 120 hours into the test and some other interruptions in hydrogen
injection, no significant crack growth has occurred on the specimen. This
preliminary result verifies the result of the Dresden-2 precracked CERT test
discussed above and the results of the mid-cycle in-service inspection (ISI)

as presented in Table 3.5-10.
This mid-cycle 1SI was performed as required by the NRC to verify the

mitigation of ICGSCC growth by HZHC. The inspection was performed on
November 12, 1983, after approximately 5.5 months of operation with hydrogen

3-100




NEDO-30730

injection. The results presented in Table 3.5-10 indicate that, despite inter-
ruptions in hydrogen injection, no crack growth was detected by ultrasonic
testing.

3.5.4 Summary

Overall, the results of these laboratory and in-reactor quc materials
programs are highly encouraging. Hydrogen water chemistry clearly improves
the stress corrosion cracking performance of several BWR structural materials

as follows:

(1) The ECPs of 211 the tested BWR structural materials decrease with
decreasing oxygen content. Dﬁring times when szc is terminated,
a "memory" effect occurs in that the potential of Type 304 stainless
steel does not rapidly rise into a range (> =325 "VSHE) where 1GSCC

can occur. This "safety" window of time appears to be 10 hours.

(2) H2UC clearly provides mitigation of IGSCC in furnace-sensitized
Type 304 stainless steel and TGSCC of carbon steel and low alloy
steel at Dresden-2. These results are in exact agreement with

laboratory siudies.

(3) For pre-cracked furnace-sensitized Type 304 stainless steel, a
Dresden-2 CERT test and preliminary DC potential drop studies indi-
cated mitigation of crack propagation in-reactor. These results,
combined with laboratory pre-cracked pipe tests results and the ISI
data at Dresden-2, indicate that pre-existing cracks at Dresden-2
or other BWRs should not propagate during HZUC operation.

(4) HZHC prevents initiation and propagation of IGSCC in welded Type 304

stainless steel piping at high stress levels (twice ASME Code allow-

able). A FOI of >25 has been achieved on crack initiatfon for full
size Type 304 stainless steel piping in the HZUC environment.
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ﬁzuc prevents IGSCC of sensitized Type 304 stainless steel and
Alloy 600 and TCSCC of low ailoy and carbon steel.

For Type 304 and Type 316 Nuclear Grade stainless steels, low alloy
steel and carbon steel, no measurable crack grewth is observed in
HZHC even at high stress intensities. Measurable crack growth is
observed for Type 304 stainless steel and carbon steel in the normal

BWR environment.

Cyclic crack propagation rates are significantly reduced in szc
for stainless, low alloy and carbon steel even at high stress

intensities.

No detrimental effects such as hydrogen embrittlement have been
found for high strength materials such as Alloy 600 and Alloy X-750
in the szc environment.

The results obtained from in-reactor studies and from the laboratory test

conducted under this program correlate well, and it appears that the laboratory

results are directly applicable for predicting materials behavior in Dresden-2

and other BWRs.

All evidence available to date suggests that HZUC has been effective in

mitigating IGSCC during reactor power operation at the Dresden-2 station. It

is anticipated that the beneficial effects of HZUC would apply to all BWRs.
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Table 3.f:1
TEST MATRIX FOR HYDKOGEN WATER CHEMISTRY PIPE TESTS

_Normal BWR Water __Hydrogen Water Chemistry

Heat

Material Number 200 ppd 02 50 ppb U: 20 ppt

Reference Specimens

Type-304 SS 04836
Type-304 SS 04836
Type-304 5141¢C

Type-304 S° M2152

~

Crack Growth Specimens

Type-304 SS 36 Wi (Precrack) —» AWC~1

Type-304 - W (Precrack)*®

Type~-304 SS ] i (Precrack) —»A) 0-3 ———ve

Type-304 SS ( (Precrack)*

Type-304 SS )48 36 AWC-9 (Precrack) —»AW

Type-304 S D48 3¢ AWC~10 (Precrack) —»AW

Type-304 S¢ 04836 AWC~1]1 (Precrack) —» AW

Type-304 SS 51416 AWC~=12 (Precrack) —» AW

Iype~304 SS M2152 AWC=13 (Prec® .ck) Al
®%Type-304 SS ' } ¢ AWC-15 (Precrack) ——————e e > AW
**Type-304 S AWC-16 (Precrack) —

AWC-16 t———

Crack I”iﬁfﬂliiiqﬂf‘l""‘

Type-316 NG SS 03165
**Type-304 SS 04B3¢
**Type-304 SS M1989
**Type~304 S M2152

*For metal lographic cra

*kNew tests




701-€

Table 3.5-2
EXPOSURES AND RESULTS OF HZHC PIPE TESTS(I)

200 ppb 0, Water 50-70 ppb 0, Water 20 ppb 0, Water (HZHC)

Specimen Heat Hours Maximum Hours Maximum Hours Maximum 2
Number Number Exposure Depth, mm (nils)2 Exposure Depth, mm (nllo)z Exposure Depth, mm (mils)®

Reference Specimens

AWC-5 04836 2044 Failed
AWC-6 04836 1645 Falled
AWC-7 51416 1059 Failed
AWC-8 M2152 1339 Failed

Crack Growth Specimens

AWC-1 048136 308 0.38(15)3 B44 Failed
AWC-2 04836 308 1.40(55)3
AWC-3 04836 1075 0.25(10)3 877 1.52(60) 3955 2.54(160)
AWC-4 04816 654 1.12(44)3 3 x
£WC-9 04816 847 1.27(50)3 3974 2.67(105)
AWC-10  04B36 847 1.95(77) 4113 1.95(77)
AWC-11 04836 848 1.42(56)3 3082 1.42(56)
AWC-12 51416 847 2.54(100)3 3911 >5.08 (>200)
AWC-13  M2152 . 848 >5.08 (>200)3 3082 >5.08 (>200)
AWC-15 04836 343 1.27(50) 3 5310 (5)
ANC-16 04836 343 1.02(40)

1285 Failed
Crack Initiation Specimens
AWC-14 03165 847 No Cracks (UT) 4047
AWC-17 04836 1 No Cracks (UT) 5122
AWC-18 M1989 No Cracks (UT) 7580

AWC-19 M2152 No Cracks (UT) 7585

0€L0€-0Q3N
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NOTES FOR TABLE 3.5-2

All except AWL-14 are Type-304 stainiess steel. AWC-14 is Type-316 NC

stainless steel.

As estimated Ly UT inspection unless noted otherwise.

Precrack depth.

Measured on metallographic section.

UT complete, metallography initiated.
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Table 3.5-3
SCC CRACK GROWTH TEST RESULTS IN szc

quc (20 = 15 ppbd 02. 125 ¢ 25 ppb Hz. <0.2 uS/cm)

Material Growth Rate Stress Intensity
FS Type 304 No Growth* K < 31.2 MPa /m (28.4 ksi Yin.)
FS Type 316 NG No Growth K < 30.1 MPa vm (27.4 ksi ¥in.)
SA508 No Crowth K < 50.9 MPa vm (46.3 ksi in.)
SA333-6 No Growth K < 44.8 MPa vm (40.3 ksi vin.)
e

*Below detectable limit, i.e., growth rate < { x 10.8 mm/sec (3 x 10-9 in./
sec. ).

Table 3.5-«
SCC CRACK GROWTH TEST IN 200 PPB OXYGEN WATER

Material Crowth Rate Stress Intensity
FS Type 304 8.9x10°° mm (3.5x10"° in.)/sec K = 17.3 MPa v (15.7 ksi .in.)
FS Type 316 NG No Growth K < 26.7 MPa v/m (24.3 ksi Vin.)
SA 508 Incipient Growth K= 49.1 MPa /m (44.7 ksi vin.)
SA 106-B 1.4x10"7 mm (5.2x10"2 in.)/sec K = 44.0 MPa V@ (40.0 ksi vin.)
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Table 3.5-5
FATIGUE CRACK GROWTH TEST RESULTS

Crack Growth Rate

Cyclic Stress Intensit mm/cycle (in./cycle)
Material Frequency (cph) Environment MPa vm (ksivin.) x10"3 (x10~9)
FS Type 304 0.74 H,WC 30.9 (28.1) 69 (2.7
200 ppb 0, 30.3 (27.6) 254 (10)
7.9 szc 25.8 (23.5) 16 (0.63)
200 ppb o, 36.5 (33.2) 50 (2.0)
SA 508-2 0.74 quc 34.1 (31.0) 7.6 (0.3)
200 ppb 02 37.6 (34.2) 50.8 (2.0)
7.5 HZHC 33.8 (30.8) 1.7 (0.07)
200 ppb 0z 33.7 (30.7) - 760 (30)
SA 333-6 0.74 HzHC 30.4 (27.7) 5.6 (0.22)
200 ppb 0, 30.6 (27.8) 109 (4.3)
7.5 H2HC 24.2 (22.0) 0.33 (0.013)

200 ppb 0, 23.7 (21.6) 330 (13)

Factor of
Improvement

3

~3

7

~4350

~20

1000

0€L0C~0TaN



Tabie 1.5-6

. CERT RESULTS FOR MATERIALS TESTED IN HIGH PURITY WATER AT 274°C (525°F)
Dissolved Cases (ppb) m
Fracture
Inlet Effluent 2)
Material and - S @ s Stress urs r. D pga @ Elongation
Condit ton 2 %% % w ki oW i h (1 (1) Fracture Morphology

T-3045S, W 200 0 180 0 610 88.6 429 62.2 246 29.8 29.2 202 1CcSCC; B0 Ductile

T-304SS, WHLTS 200 0 180 0 600 87.1 409 59.3 244 1.5 26.8 30% 165CC; 70T Ductile

T-J04SS, WHLTS 200 100 100 100 696 100.7 403 58.5 236 £1.9 27.1 252 1GSCC,**752 Ductile

T-J04SS, WeLTS & 112 19 112 1570 228 409 593 29 74 36.3 Ductile

=

SAS33B 210 0 205 0 895 129.9 601 87.3 150 32.8 17.2 16X TGSCC; 84T Ductile
w Shallow pits, deep
.1_. auxiliary cracks g
o ~
= e

SASI3B 200 100 65 100 1700 246.7 637 92.5 20 62.8 21.9 1002 Ductile

SAS3IIB &5 112 13 112 1699 246.6 623 90.4 188 63.3 24.4 1002 Ductile; minor pits l

£ 600, WHLTS 187 0 180 0 1072 155.6 559 81.1 362 47.9 42.8 1002 Ductile

A 600, W+LTS 3o 125 10 125 1103 160.1 525 76.2 342 52.4 40.7 1002 Ductile

SA33) Crade & 40 125 b ] 125 1076 156.2 4&n 68.4 262 56.2 29.6 1002 Ductile

(1) ™aximm load/failure cross section
(2) ™aximum load/original cross section
(3) Fallure time in hours

(4) Reduction in area

* H) concentration calculated
#** 52 TCSCC also noted




601~€

Table 3.5-7
CERT TEST RESULTS IN H_WC*

2
Strain Rate Time to Failure Max. Stress RA Elongation
Spec 1.D. Material (min™ ") (hr) MPa (ksi) (2) (%) Fracture Mode
A106-1 sa1068 (1)
o

Carbon Steel 1 x 10 46 496 (72.0) 41.6 28.6 1002 Ductile
A106-2 sa1068 2’

Carbon Steel 1 x 1078 39.5 494 (71.7)  35.6 26.13 100Z Ductile
AS33-1 sas33s c1 1V

low Alloy Steel 1 x 10" 47 571 (82.8) 70.4 32.0 1002 Ductile
AS08-1 sasos c1 11V

Low Alloy Steel 1 x 10°° 43.5 s81 (84.3) 75.0  28.6  100% Ductile
Notes: “ <1 uS/em conductivity at 288°C (550°F).

(1)

(2)

50 ppb 02. 230 ppb "2'

Specimen was creviced by wrapping and spot welding thin stainless steel shim stock

around the 3.1 mm (1/8

in.) diameter test section,

This specimen was tested without a crevice.
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SET RESULTS IN O.01IN Na

Table 3.5-8

259,

AT 274°C (525°F)

(STRAIN RATE 2 x 10 2/MIN)

(1)
Fracture
Material and Electro~- (2)
Metallurgical Chemical Stress Ll Tf (%) R.A.(‘) Elongation
Condition Potential ksi MPa ksi  MPa h (%) (%) Fracture Morphology
Type-304SS, WHLTS -0.100 35.1 242 5.7 2% 36 3.9 4.8 100% 1GsCC
Type 304SS, WHLTS -0.500 178.3 1228 68.3 471 277 61.1 36.4 >95% Ductile, some
TGSCC Iniciation

Alloy 600 W+LTS -0.100 111.3 767 7.3 53 1.5 B 31.1 70% 1GSCC, 30Z Ductile
Alloy 600 W-LTS -0.500 180 1240 83.2 S73 320 53.8 43.3 100Z Ductile
Alloy X-750 ~0.100 275 1895 168.5 1161 306 39.1 31.2 100% Ductile
3-step heat treated
Alloy X-750 -0.700 258.4 1780 165.4 1140 283 36.0 3.5 100% Ductile

J-step heat treated

(1)
(2)
(3)
(4)

Maximum load/failure cross section

Maximum load/original cross section

Failure time in hours
Reduction in area
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Table 3.5-9
RESULTS OF DRESDEN-2 AND LABORATORY H_WC CERT TESTS

2
Test C,. ppb ll Time to ;1; o::. Elongation
Material Location b ! bolipecssiad vS/cm Failure, hrs i 2 Result
1y rs? T304 p-2 268 0.29 108 0 12 701 165CC
2) FS T-304 D-2 40 0.3 143 2 20 352 165¢CC
3) FS T-304 D-2 20 0.29 >297 4 38 Ductile
3 4 Fracture
4) FS T-304 D-2 5-20 0.19 208 5 N Ductile
Fracture
S) FS T-304 D-2 5-23 0.17 181 15 NM Minor 1GSCC
along gauge
6) FS T-304 D-2 3-30 c.13 3% 36 45 Ductile
Fracture
n FS T-304 D2 7-19 0.09 400 25 4o Ductile
6 Fracture
8)  Fs T-306PC° -2 12-20 0.09 01 ? 0 Mo 1GSCC
7 8 Extension
w 9 FS T-304 VNC 195 «0.1 156 NA 17 852 1GSCC
' 10) FS T-304 VNC 15 «0.1 262 0 NA Ductile
: q Fracture
bt 11) SA 5338 D-2 150-280 0.29 » NA 12 402 TCSCC
12) SA 5338 D-2 $-20 0.29 63 0 26 Ductile
Fracture
13 SA 5338 VNC 200 «0.1 &) NA 11 402 TCSCC
16) SA 5338 VNC 12 <0.1 60 0 22 Ductile
10 Fracture
15)  SA 508-2 D-2 12-18 0.08 52 0 N Ductile
Fracture
16)  SA 508-2" VNC 50 «1 44 0 29 Ductile
Fracture
17) SA 1068 D-2 8-14 0.12 94 2 NA Ductile
Fracture
18) SA 1068 VNC 50 <1 40 0 29 Ductile
Fracture
(1) K = Conductivity (7) VNC = Vallecitos Nuclear Center
(2) FS = Furnace Sensitized 621°C (1150°F)/24 hr (8) Mot Applicable, i.e., not a HZWC Test
(1) Thermal Overlbvad Ended Test (9) Extension rate was 3 mils/hr for SA 533,
(& NM = Not Measured to Date SA 508-2, SA 1068 and 1 mil/hr for Type
(5) PC = Precracked in 200 ppb 0, 306 Stainless Steel
(€) Plus 67 Hours Precracking (368 hr total) ao

Motor F~ilure, Specimen Fractured Manually
(11’ Crevice.
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Table 3.5-10
MID-CYCLE ISI RESULTS FROM DRESDEN-2

Date
Weld April 29, 1983 November 12, 1983
28-1in. Safe End 1-in. long, l1-in. long,
PS2-201-1 16% deep’ 132 deep
17-in. Riser (Two Cracks) 0.25-in. long, 0.25~in. long,
PD5-D20 17% deep 15% deep
0.25«4in. long, 0.25-in. long,
19% deep 17% deep
12-in. Riser (Two Cracks) 0.50-in. long, 0.50-in. long,
PD5-D5 19% deep 18% deep
0.25-in. long, 0.25-in. long,
14% deep 16% deep

chrcentage Through-Wall
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Figure 3.5-2. Pipe Test Specimen Loading Stand
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Figure 3.5-3. Loading Waveform Used for Hydrogen Water Chemistry
Pipe Tests (M = minutes, H = hours, S_ = ASME Code
Allowable Stress)

M

Figure 3.5-4. Typical WOL or Compact Tension Specimen
for Crack Crowth Rate Study

3-115



~ NEDO-30730

sCL
LOAD PHASE 2

{1

sc
PHASE 1

PHASE 1

sCL
PHASE )

cL
PHASE 3

TIME

(1) SCL -~ SLOW CYCLE LOADING
(2) CL -~ CONSTANT LOAD
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3.6 BEHAVIOR OF Ni-Cr-Fe ALLOYS IN HYDROGEN WATER CHEMISTRY

3.6.1 Introduction

Alloy 600 and its weld metal, Alloy 182, can be susceptible to stress
corrosion cracking in the oxygenated BWR environment. Studies at General
Electric Company have been performed to evaluate the behavior of these mate-
rials in the normal BWR environment to allow comparison with the behavior of
Type 304 stainless steel. In addition, tests te evaluate the effect of
Hydrogen Water Chemistry (HZHC) on eliminating stress corrosion cracking have
also been performed. The objective of this subsection is to present the under-
standing on SCC of these susceptible alloys in BWR environment and to estab-
lish that the existing data in the BZQC low oxygen environment demonstrates

arrest of 1GSCC.

3.6.2 Background on the Physical and Corrosion Properties of Alloy 600
and its Weld Metal - Alloy 182

The wrought alloy and its Shielded Metal Arc Weld material Alloy 182 are
of very similar composition. Table 3.6-1 shows that the materials have simi-
lar chromium and carb-u contents. The strength properties are also listed in
Table 3.6-1. The strength levels of the weld metal are higher than those of the
wrought material. The envircnmental performance of these materials is generally
excellent. At elevated temperatures when high tensile stresses are found in
combination with oxygenated environments and tight crevices, these alloys can
exhibit ICSCC. (In the case of weld metals, the failure mode is really inter-
dendritic along the columnar boundaries formed during solidification.) Copson
and Economy first investigated these alloys in double U-bend specimens in
aerated 316°C uater.lz They found that, when high stress and aerated environ-
ment were present, both materials cracked in the tight crevices. They also
tested Alloy 600 in an oxygen-free environment. The removal of oxygen elim-
inated the crevice cracking. Later studies have been performed by Page in
vhich he evaluated the behavior of Alloy 600 and Alloy 182 along with other
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alloys at 288°C in 16 ppm oxygen, using slow extension rate tests (CERT).13
Both materials exhibited cracking only if the specimen had been creviced.

This is consistent with the earlier test results. Page concluded that, as the
corrosion potential was reduced consistent with reduced oxygen levels, the

cracking tendency would be reduced or eliminated.

3.6.3 Evaluation of Baseline Behavior of Alloy 600 and Alloy 182 in
Oxygenated High Temperature Water at GCE San Jose

A significant etfort has been on-going at GE to evaluate the behavior
of structural materials in oxygenated BWR water. The initiation behavior of
these nic’'el base alloys have been examined in both small specimens and in
full-size pipe tests in uncreviced and creviced conditions, and in 0.2 ppm
oxygen as well as 8 ppm oxygen levels in high temperature, high purity water.
In general, tests similar to those performed on stainless steel have been con-

14,15 In addition, crack growth studies have been performed to evaluate

ducted.
the ra.e of crack growth of initiated cracks in Alloy 600 and Alloy 182.
These tests also parallel evaluations made on sensitized stainless steel.

An abbreviated discussion of the SCC initiation behavior follows.

3.6.3.1 Comparison of Susceptibility of Nickel-Chrome-Iron Alloys with
Sensitized Type 304 Stainless Steel

As part of surveillance programs to evaluate structural materials used
in the BWR, small specimen tests as well as full-size pipe tests have been
conducted on Alloy 600 and on Alloy 182 weld metal. The majority of labora-
tory tests were performed in 8 ppm oxygen, 288°C water, although surveillance
tests have been conducted in-reactor on Alloy 600. The behavior of both
materials is similar. Figure 3.6-1 displays a summary of the test results
for Alloy 182 in 8 ppm oxygen, as well as the general behavior of sensitized
Type 204. The comparisons are made using a stress rule index to rank
the two alloys. The data clearly establishes that failure occurs earlier
in the stainless steel. 1n 0.2 ppm oxygen environment the data is
limited for Alloy 182. While Page could not initiate SCC without a crevice,
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1GSCC was promoted in the 182 weld metal in full-size pipe components at
high stress at GE. Figure 3.6-2 displays the test data. Pipe tests and
small specimen IGSCC tests for Alloy 600 show this wrought material is sig-

nificantly more resistant to crack initiation than Alloy 182.

3.6.4 Crack Growth Behavior in Oxygenated Fnvironment

Crack growth tests have been performed on both Alloy 600 and Alloy 182
in 0.2 ppm oxygenated 288°C water as well as in hydrogen water chemistry

8.16-18 procedures used have also been used to evaluate

environments.
crack growth rates in sensitized stainless steel.19 Prior to presenting the

data, some discussion of the test methods is appropriate.
3.6.4.1 Crack Growth Test Techniques

Environmental crack growth data were generated using standard 1T-WOL
fracture mechanics specimens (Figure 3.6-3). Each specimen was fatigue pre-
cracked, in room temperature air, to ensure that an active fatigue crack was
present at the start of testing. In order to obtain the desired crack growth
dara in all cases but one, each specimen was provided with an in-situ trans-
ducer for remotely measuring the crack opening displacement (COD) which
accompanies specimen loading. These transducers are high temperature "canned"
linear variable differential transformers (LVDTs). Calibration curves, based
on previous work, were used to translate the COD/load (i.e., compliance)

data to crack length data.

The compliance data were automatically recorded and converted to crack
length data, using an on-line, mini-computer based data acquisition system
(Figure 3.6-4). This system is used in conjunction with the multi-specimen,
closed loop, servo-controlled loading system also shown in Figure 3.6-4.

The loading system has the capability to apply a variety of loading waveforms
to a chain of up to eight test specimens. The load on the specimen chain is

constantly monitored and serves as the controlling feedback variable in the

loading system.
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An existing GE environmental test loop was used to provide the different
test environments studied (Figure 3.6-5). This loop has a high flow capabil-
ity snd can supply up to 10 gpm of high temperature/pressure demineralized
water to any of several autoclaves. This high flow capability maximizes
chances that each specimen will be subjected to a fully refreshed bulk environ-
ment condition. The loop is capable of monitoring and controlling the follow-
water chemistry parameters: dissolved oxygen level, dissolved hydrogen level,

pH, hydrogen peroxide and conductivity.

Only one series of tests was performed using bolt-loaded WOL specimens
instead of actively lcaded specimens. These tests were conducted in a
refreshed autoclave and inspected periodically to evaluate crack growth using
interim compliance measurements. These tests contributed to the 0.2 ppm

oxygen data base.
3.6.4.2 Material Conditions Tested

The Alloy 600 and Alloy 182 materials have been tested in several condi-
tions. However, the majority of crack growth tests were conducted on Alloy 600
material that was mill annealed followed by a 200-hour treatment at 750°F or
on Alloy 182 that was as-deposited followed by 24 hours at 1150°F followed by
200 hours at 750°F. This was established to give the most susceptible con-
dition. For these alloys the material mill annealed (or as deposited) process-
ing can impart substantial sensitization. In particular, studies in Alloy 182
have demonstrated similar behavior between the as-deposited and as-deposited

plus heat treatment condition.
3.6.4.3 Crack Growth Rates in 0.2 ppm 02 High Purity, High Temperature Water

Tests have been conducted on Alloy 600, Alloy 182 and T-304 stainless
steel in 0.2 ppm oxygen level at 400°F (205°C), and 550°F (288°C). Table 3.6-2
1ists the environment and the associated constant growth rates for the three
materials at a similar stress intensity level of ~30 ksi-v/in. In all cases,

the materials demonstrated IGSCC crack growth in the oxygenated environment.
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At the lower temperature, there is some reduction in rates but the stress

corrosion cracking behavior is clearly demonstrated in the oxygenated

environment.

3.6.5 Crack Growth Rates in Hydroger Water Chemistry Environments

Hydrogen additions (HpWC) to the feedwater lead to a reduction in oxygen
level in the coolant environment, thus leading to a reduction in corrosion
potential and eliminating the driving force for stress corrosion cracking in
both sensitized stainless steel and Ni-Cr-Fe alloys. The investigations into
its effect in the 1GSCC behavior of sensitized Type-304 stainless steel are
extensive. Both small specimen crack growth tests, as well as pre-cracked
pipe tests, have demonstrated that reduction in oxygen will arrest IGSCC.17

(see Section 3.5).

The data base for Ni-Cr-Fe alloys is not as extensive., However, the data
that do exist clearly demcnstrate that HyWC environments with their asso-
ciated low oxygen (20 ppb 02) arrest 1GSCC. Table 3.6-3 lists the test
environments and associated crack growth rates for Type-304 stainless steel,
Alloy 600, and Alloy 182. Tests have been condvcted at 400°F (205°C), 500°F
(260°C) and S50°F (288°C).°

For all tests on the Type-304 stainless steel and Alloy 600, crack growth
monitoring techniques substantiated no growth. For Alley 182, compliance
evaluation was only performed in the 500°F HWC environment where no constant
load crack growth was detected. In the $50°F environment, failure of the
transducer early in the test led to difficulties in evaluating continuously
whether any crack growth had taken place duri