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LEGAL NOTICE

This report was prepared as an account of work performed by Combustion

Engineering, Inc. Neither Combustion Engineering nor any person acting on its

behalf:

A. Makes any warranty or representation, express or implied including the

warranties of fitness for a particular purpose or merchantability, with

respect to the accuracy, completeness, or usefulness of the information

contained in this report, or that the use of any information, apparatus,

method, or process disclosed in this report may infringe privately owned

rights, or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of, any information, apparatus, method or process

disclosed in this report.



EXECUTIVE SUMMARY

During the Spring 1994 refueling outage at Calvert Cliffs-1, Baltimore Gas and

Electric Company personnel discovered two (2) leaking pressurizer heater

sleeves. Eddy Current Testing (ECT) confirmed the presence of defects in the

two sleeves. In sleeve B-3, an axial indication was present just below the

partial penetration weld at the pressurizer inside surface. This is the

orientation and location of the I.D. initiated stress corrosion cracks

discovered in the Calvert Cliffs-2 heater sleeves in 1989 and discovered in

Alloy nozzles and heater sleeves in domestic and foreign PWRs. In sleeve FF-

1, there were multiple axial ECT indications at a location below the

pressurizer O.D. surface and there were also circumferential indications in

the area of the axial indications. The circumferential indications extended

down to the locking collar near the bottom of the sleeve, a distance of about

five inches.

The location of the defect indications made it possible for BG&E to remove the

sleeve for destructive examination without destroying any defect indications.

The destructive examination included an extensive series of laboratory tests

to characterize the defect indications and to determine what conditions caused

initiation and propagation of the defects. In addition, a records search of

available fabrication records for sleeve FF-1 was conducted to determine if

conditions resulting from the fabrication process was a cause of the defects.

Leakage from sleeve FF-1 occurred through these axially oriented intergranular

stress corrosion cracks located approximately one inch (1") below the

pressurizer. The cracks were 3/8" or less in length. Extensive

circumferential cracking was also present. These cracks were also

intergranular and extended up to 150 of the circumference and extended down

to the threaded locking bar near the bottom of the sleeve.

In the area of the axial cracks, the sleeve was bulged and, within and below

the bulge, was ovalized. Numerous gouges and circumferential scratches were

present in the area of the bulge (and axial cracks). Axial scratches and

grooves were present below the bulge in the areas where the circumferential

cracks were present.



The records reviewed discovered a-non-conformance-report for sleeve FF-1.

During post-installation reaming of the sleeve, a reamer became stuck and was

removed by mechanical means, after which the sleeve was re-reamed and

inspected dimensionally. The gouges and scratches noted on the sleeve I.D.

probably were the result of the reamer becoming stuck and the efforts to

extract it. These activities may have affected the susceptibility of the

sleeve to stress corrosion cracking in two ways: by producing areas where the

Alloy 600 was cold-worked (cold-worked material is more susceptible to stress

corrosion cracking than annealed material) and by inducing residual tensile

stresses. Normal reaming operations produce compressive residual stresses but

severe reaming and gouging such as that resulting from reamer removal may

produce tensile residual stresses.

Examination of the part of the sleeve above the bulge in the pressurizer shell

did not identify any crack-like defects. The material used for sleeve FF-1

was the same lot of material used for the Calvert Cliffs-2 heater sleeves that

experienced stress corrosion cracking. Its metallurgical characteristics are

typical of Alloy 600 that is susceptible to primary water stress corrosion

cracking.

The examination results supported a conclusion that the defects (axial and

circumferential) in heater sleeve FF-1 were intergranular stress corrosion

cracks. The specific mechanism producing the cracks was judged to be primary

water stress corrosion cracks, but there is some possibility that contaminants
such as various sulfur species or those that produce alkaline conditions may

have contributed to crack initiation and propagation. The stresses necessary

to initiate and propagate cracks probably resulted from the stuck reamer and

efforts to remove it.
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Section 1

INTRODUCTION

1.1 GENERAL

During the Spring 1994 refueling outage for Calvert Cliffs-1, Baltimore Gas

and Electric Company (BGE) personnel discovered evidence of two (2) leaking

heater sleeves at the bottom of the pressurizer. Eddy current testing (ECT)

confirmed the presence of defects in the two sleeves. In sleeve B-3, an axial

indication was present just below the partial penetration weld at the

pressurizer inside surface. This is the orientation and location of ID

initiated stress corrosion cracks discovered near partial penetration welds in

several NiCrFe Alloy 600 nozzles and heater sleeves in domestic and foreign

PWRs.

In sleeve FF-1, there was not a defect indication near the weld. However,

there were multiple axial indications at a location below the pressurizer OD

surface. In addition, there were circumferential indications in the area of

the axial indications. These circumferential indications extended down to the

locking collar near the bottom of the sleeve. The location of the indications

made it possible to remove the sleeve by cutting it below the weld without

destroying any defect indications. Accordingly, BGE removed sleeve FF-1 for

destructive examination to characterize the defect indications and to

determine causative conditions.

After removal of the sleeve, BGE awarded Combustion Engineering, Inc. (C-E) a

contract to perform nondestructive and destructive examinations of sleeve

FF-1 to characterize the defects and determine what conditions caused

initiation and propagation of the defects. To meet these objectives, C-E

conducted the following evaluations and analyses:
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(1) Documentation of the as-received condition, including visual and

low power microscope examinations, dye penetrant inspection of the

OD surfaces and dimensional characterization.

(2) Scanning electron microscope examination of defect surfaces,

including microchemical analysis of deposits on the surface by

energy dispersive spectroscopy.

(3) Hardness testing of the sleeve.

(4) Light optical microscope examination to characterize the

degradation.

(5) Auger electron spectroscopy and X-ray photoelectron spectroscopy

of a defect surface to determine the chemical composition of the

oxides present, including contaminants present that may have

contributed to the failure, and to infer whether the environment

was neutral, alkaline or acidic.

(6) Microstructure evaluation of the sleeve to characterize grain

size, carbide distribution, etc.

(7) Microhardness testing through the thickness of the sleeve.

(8) Sensitization assessment of the sleeve material.

All of the above evaluations are complete and are described in Sections 2

through 8 of this report.

1.2 BACKGROUND

There have been only two previous occurrences of throughwall cracking in

pressurizer heater sleeves in C-E plants. At Arkansas Nuclear One Unit 2

(ANO-2), a heater sleeve developed throughwall cracking and leakage after the

structural failure of the heater which permitted the MgO insulation material
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inside the heater to be wetted (1). The resulting expansion of the MgO

applied additional stress to the heater sleeve, leading to the development of

stress corrosion cracking. There have been other instances of the structural

failure of heaters, but no other cases of heater sleeve cracking as a result.

The other case of pressurizer heater sleeve cracking occurred in 1989 at

Calvert Cliffs-2 when approximately 23 leaking sleeves were identified. This

event has been well documented (2, 3, for example). The destructive

examination of two heater sleeves, including one which was removed so as to

contain the sleeve, the complete partial penetration weld and a portion of the

low alloy steel pressurizer shell, indicated that leakage was the result of

intergranular stress corrosion cracks that had initiated on the ID of the

sleeves. The cracks were all axially oriented without any significant

circumferential extent and were near the partial penetration welds at the

pressurizer ID. There were not any indications that the partial penetration

welds were defective. The Alloy 600 sleeve material had high strength, a

microstructure characterized by severe carbide banding, fine grains and a lack

of correspondence between carbide distribution and grain boundaries.

Contaminants known to promote IGSCC in Alloy 600 were not present on the crack

surfaces and the oxides on the crack surfaces did not have chemical

compositions consistent with oxides that form in alkaline or acidic

conditions.

The results of the destructive examination indicated that primary water stress

corrosion cracking was the failure mechanism. A review of fabrication records

indicated that a pre-installation reaming operation was used on the Calvert

Cliffs-2 sleeves to increase the original inside diameters by 0.005 to 0.015

inch. This operation produced a layer of deformed metal with higher hardness

near the ID. The Reference 3 analysis concluded that this operation was the

key to initiation of PWSCC in the Calvert Cliffs-2 sleeves.

The fabrication review indicated that 119 of the 120 sleeves at Calvert

Cliffs-i were of the same lot of material as the Calvert Cliffs-2 sleeves.

The Calvert Cliffs-i sleeves did not receive a pre-installation reaming to

increase the ID. All pressurizer sleeves were welded into the pressurizer
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using the same procedure. Deformation of the sleeve in the area of the J-

groove weld frequently occurs as a result of weld shrinkage. The clearances
between the sleeves and the heaters was relatively small. This deformation

frequently made heater installation into an as-welded sleeve impossible. To

solve this problem, C-E gauged the ID of all sleeves after welding and reamed

the sleeve to a larger ID (within tolerance) in those cases where the sleeve

would not accept a gauge rod of the maximum heater OD. Reaming, if necessary,

was accomplished by using a portable horizontal milling machine and inserting

the reamer from the lower end of the sleeve (4). Heater sleeves from both

Calvert Cliffs-I and 2 were reamed after installation. According to the

fabrication records all Calvert Cliffs-i heater sleeves required reaming after

installation.

The pre-installation reaming of Calvert Cliffs-2 sleeves was the only

difference noted between Calvert Cliffs-I and Calvert Cliffs-2 relative to

fabrication and operating conditions.

As a result of the Calvert Cliffs-2 sleeve and nozzle failures, the Combustion

Engineering Owners Group initiated an Alloy 600 Working Group to further

assess the PWSCC of Alloy 600 primary pressure boundary penetrations. The

various tasks of this group included assessing relative susceptibilities of

all CEOG heater sleeves to PWSCC, determining temperature of the sleeves at

various locations, measuring residual stresses in reamed, non-reamed and

welded heater sleeve mockups, and evaluating boric acid corrosion of the low

alloy steels in the pressurizer.

The CEOG studies concluded that the Calvert Cliffs-i sleeves were of moderate

susceptibility to PWSCC because of the high strength and absence of pre-

installation reaming (cold-work) whereas the Calvert Cliffs-2 sleeves had the

highest susceptibility because of high strength and the presence of pre-

installation reaming (A). The temperature of the ID of the sleeves adjacent

to the J-weld will be only slightly reduced from pressurizer operating

temperatures while temperatures where the sleeves exit the pressurizer will be

somewhat reduced (5). Since PWSCC is temperature dependent, the probability

of PWSCC at locations remote from the weld was considered unlikely.
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The residual stresses in as-fabricated sleeves in both reamed and non-reamed

areas were compressive or low level tensile, neither of which would initiate

SCC. %The partial penetration welds induced significant hoop residual tensile

stresses in areas adjacent to the heat affected zones in sleeve mockups.

Residual stresses were highest in sleeves that received a pre-installation

reaming. However, significant residual tensile stresses were also present in

sleeves which did not receive a pre-installation reaming. Residual stress

levels decreased rapidly as distance from the weld increased. Longitudinal

stresses (which would promote circumferential cracking) in the mockups were

either compressive or relatively low tensile stresses which would preclude

circumferential cracking (6).

Reference 7 evaluated all of the available field experience and laboratory

data and concluded that cracks that developed would be axial, would be near

the partial penetration welds and would be relatively short. These

conclusions were applicable to both heater sleeves and instrumentation nozzles

in the pressurizer and elsewhere in the primary pressure boundary.

Based on the above, cracking in Calvert Cliffs-I heater sleeve FF-1 at a

location exterior to the pressurizer and the presence of circumferentially

oriented indications were not expected.

1.3 RECORDS SEARCH

As a result of the leakage from sleeve FF-1 and the results of ECT and visual

examinations, C-E initiated a review of duplicate fabrication records located

in Chattanooga and assisted BGE with a review of fabrication records stored at

the Calvert Cliffs site. The fabrication process for heater sleeves is

discussed in Section 2.

The review indicated that a Rejection Notice RN3899 was prepared for a non-

conforming condition for Calvert Cliffs-I heater sleeve at locations E-1 and

FF-1. The non-conforming condition was for reamers which broke or stuck

during post installation reaming. C-E shop traveler W-94712-006, Rev. 0,

"Vessel Assembly (Sleeves to Head)" indicated that all sleeves were to be
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reamed after welding to the bottom head to accept a 0.895 inch diameter rod.

The heater sleeve at location E-1 was replaced with a sleeve from another lot

of material. The reamer was removed from sleeve FF-I and the sleeve re-

reamed. Report of Inspection #D10008 indicated satisfactory dimensional

inspection of sleeve FF-I and the new sleeve E-1. Mechanical inspection logs

indicate that this inspection was a "go-gage" check. This inspection was

followed by Report of Inspection #D10009 which indicated a satisfactory in

process dimensional check of all Calvert Cliffs-i pressurizer heater sleeves

after reaming.
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Section 2

SLEEVE DESCRIPTION

Figure 2-1 illustrates the design and key features of a typical vertically

orientated pressurizer. The bottom head of the pressurizer is fabricated from

SA-533 Gr B low alloy steel, weld cladded with Alloy 600 (FeNiCr-3). The

bottom head contains a penetration for a surge line connection, level

indication nozzles and 120 penetrations for pressurizer heaters. The 120

heaters each have 12.5 KW capacity and are 0.875 inch in diameter.

Figure 2-2 is a schematic showing the heater installation assembly. In the

fabrication process of the pressurizer, holes were machined in the bottom head

of the Alloy 600 clad pressurizer head, parallel to the axis of the

pressurizer and a J-weld preparation was machined into the cladding at each

hole location. An Alloy 600 heater sleeve was inserted into each of the holes

and the J-weld was completed between the sleeve OD and the cladding, forming a

partial penetration assembly in accordance with ASME Boiler and Pressure

Vessel Code Section III rules. Subsequently, a heater was inserted into the

sleeve and seal welded with a fillet weld between the lower end of the sleeve

and the OD of the heater sheath. The active portion of the heaters was

located above the intersection with the sleeve/bottom head penetration. Thus,

the metal temperature in the sleeve does not exceed that of the primary

coolant temperature in the pressurizer (653-F).

The heater sleeves in Calvert Cliffs Unit-1 were fabricated from Alloy 600

.procured to the requirements of ASME SB-167 and were supplied as cold drawn

and annealed tubing with an ID of 0.905 + 0.0075 inch and an average wall

thickness of 0.172 inch. During subsequent machining of the outer diameter,

the wall thickness of the section that passes through the pressurizer shell is

reduced to 0.130 inch. The SB-167 specification has a minimum annealing

temperature of 1600'F. The specific lot of Alloy used for the Calvert Cliffs-
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reduced to 0.130 inch. The SB-167 specification has a minimum annealing

temperature of 1600'F. The specific lot of Alloy used for the Calvert Cliffs-

1 heater sleeves had a yield strength of 63.5 KSI and were not subjected to a

pre-installation reaming operation during manufacturing, unlike the sleeves

installed in Calvert Cliffs-2 (3). All heater sleeves from Calvert Cliffs-i

were post weld reamed after installation. The lengths of the sleeves vary,

with 19 inches being a typical length.
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4" SPRAY NOZZLE

1" INSTRUMENT NOZZLE
(FOUR)

4"g SAFETY &
RELIEF VALVE /
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Section 3

VISUAL EXAMINATION

3.1 AS-RECEIVED CONDITION

After receipt, the as-received condition of heater sleeve FF-1 was documented

with an overall photograph (see Figure 3-1). For photography and examination

purposes, an arbitrary 00 orientation was chosen by the cognizant engineer.

The entire outer diameter of the heater sleeve was examined both with the

unaided eye and with a variable (8 to 40 power) Ziess stereomicroscope and

observations were recorded. This section of the report provides a summary of

those findings.

Visual examination of the outer diameter of the heater sleeve revealed three

axial throughwall cracks. These axial cracks were located approximately 8 1/4

to 8 3/4 inches from the bottom of the heater sleeve and I to 1 3/4 inches

from the bottom of the pressurizer. The three axial cracks were identified as

defects A, B and C and were located at 0., 30* and 180-, respectively (see

Figures 3-2 through 3-4). Boric acid deposits were present at all three

defect locations. The sleeve was bulged in the area of the three axial

defects (see Figure 3-5). Boric acid deposits were noted during the visual

examination just above the locking bar threads near the bottom of the heater

sleeve (identified as Area D, located at 0O). Examination by low powered

microscope revealed no cracking or damage within Area D (see Figure 3-6). The

writing seen on heater sleeve FF-1 in the photographs shown in Figure 3-6 is

the scribing of the identification markings (i.e. serial number, etc.) on

heater sleeve FF-1. Also noted in the photographs is a dark line on the

sleeve, which turned out to be a pen mark. This pen mark was there upon

receipt of the heater sleeve. Examination of the rest of the heater sleeve

noted no other visible findings.
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3.2 LIQUID PENETRANT INSPECTION

After the visual observations were completed, boric acid deposits were

collected for possible further analysis. Defect B was masked with tape and

the outer diameter of the heater sleeve was inspected for defects by penetrant

inspection. Defect B was to be used for Auger/XPS analyses, therefore masking

the defect protected the crack at this location from possible dye penetrant

contaminants which would alter the results of the analyses. Heater sleeve FF-

1 was cleaned with Magnaflux cleaner/remover SKC-NF/ZC-7B, then sprayed with

Magnaflux Spotcheck Penetrant SKL-HF/5. The dye was developed with Magnaflux

Developer SKD-NFZP-98. Figures 3-7 through 3-9 document the results of the

dye penetrant testing for heater sleeve FF-1. Overall photographs were taken

at the 0 and 180' orientations. Higher magnification (5X) photographs were

taken of Areas A, C and D. The two axial indications (i.e., A and C) were

apparent on the heater sleeve. Defects A and C are approximately 5/16 and 3/8

inches long. No indications were observed in Area D, confirming the visual

observations.

3.3 OD DIAMETER DIMENSIONAL CHARACTERISTICS

The outside diameter of heater sleeve FF-1 was measured using Starrett dial

calipers, with a range of 0 to 6 inches and calibrations traceable to National

Institute of Standards and Technology (NIST) Standards. Measurements were

made at the 0/180' and 90'/270' orientations, at 1/4 inch intervals from

approximately three inches below to three inches above the bulged area (area

of axial defects) of the sleeve. In other areas, measurements were made at

one inch increments.

Figure 3-10 presents graphically the OD measurements of heater sleeve FF-1.

The bulged area in the heater sleeve is clearly evident. The maximum increase

in the outer diameter, from the bulge, is seen at the 90'/270' orientation and

is measured to be approximately 19 mils. It is also evident from Figure 3-13

that the sleeve is ovalized at the 900/270 orientation and no ovalization

existed above the bulged area. The heater sleeve is ovalized within the first

9 inches of the sleeve (i.e. first 9 inches measured from the bottom of the
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sleeve) and the maximum ovalization disregarding the bulged area, is

approximately 13 to 14 mils.

The reamer becoming stuck approximately 7 1/2 to 9 inches from the bottom of

the sleeve caused the sleeve to bulge within this area and prevented the

reamer from moving any further up the sleeve. Therefore, ovalization was

confined to the first 9 inches of the sleeve.
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Figure 3-10. Heater Sleeve FF-1 OD Profile.
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Section 4

SECTIONING

After all non-destructive examinations were completed, heater sleeve FF-1 was

sectioned to provide samples for the various metallurgical, chemical and

mechanical analysis. This section of the report provides section maps

(Figures 4-1 through 4-4) that include sectioning plans, location and

identification of metallographic specimens for heater sleeve FF-1.
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Figure 4-2. Sectioning and Information Diagram for Section 1 of
Heater Sleeve FF-1.

4-3



r

See Figure 4.4 for Section 2c

Ik

Figure 4-3. Sectioning and Information Diagram for Section 2 of Heater
Sleeve FF-I.

4-4



Rocxwz.L HXARDNESS
MUR^5ENrS

Cut Location

SAVED HALT OF

C2DCUMEWrAL.CMRCUMERZNTIAL Moutr
DrzncTC (7.B94)

Cut Location

CtclCmRwnraL Dercrc
FoR SEM AND

AUozt/XPS ANALT!Ss
DzrzcT B ?oSEMAmq
ADozjt/XPS AxALram

LonwrrwuDzAL . T Mourr (No. 11 B94)
DULETcH ArD MCRO Mtrinm

ID View of Section 2c

Defect B
(30- In Bulged Region)

Defect C
(180@ rtn Bulged Region)

Defect A
(0- in Bulged Regiort)

OD View of Section 2c

Figure 4-4. Sectioning and Information Diagram for Section 2C of
Heater Sleeve FF-1.

4-5



Section 5

VISUAL EXAMINATION OF INNER DIAMETER

5.1 ID DIAMETER DIMENSIONAL CHARACTERISTICS

After heater sleeve FF-1 was sectioned into three pieces (Figure 4-1), the

inside diameter of the sleeve was measured using a Starrett telescope gage,

with a range of .750-1.250 inch and calibrations traceable to National

Institute of Standards and Technology (NIST) Standards. Measurements were

made at O'/180' and 90*/270 orientations, at 1/4 inch intervals from

approximately three inches below to three inches above the bulged area of the

sleeve. In other areas, when obtainable, measurements were made at one inch

increments.

Figure 5-1 presents graphically the inner diameter measurements of heater

sleeve FF-1. The heater sleeve is bulged approximately 7 1/2 inches from the

bottom of the sleeve. The maximum increase in the inner diameter is seen at

the 90'/270 orientation in the bulged area and is measured to be

approximately 34 mils. It is evident from Figure 5-1 that the ovalization

observed in the outer diameter of the heater sleeve (Figure 3-10) is confirmed

with the inner diameter measurements. Disregarding the bulge, within the

first 9 inches of the sleeve (i.e. first 9 inches measured from the bottom of

the sleeve), the maximum ovalization is approximately 15 mils. Within the

bulged area of the sleeve, the maximum increase in the ID and OD were measured

to be 34 and 19 mils, respectively. This indicates some wall thinning of the

sleeve in this area due to the stuck reamer. There was no ovalization above

the bulge. -

5.2 VISUAL INSPECTION OF INNER DIAMETER

After the sectioning of heater sleeve FF-1 was completed (Figure 4-1 through
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4-4), the inside diameter of sections 1, 2 and 3 were examined visually and

with a variable (8 to 40 power) Ziess stereoscope and observations noted.

This section of the report provides a summary of those findings.

Section 1, which is the bottom half of the heater sleeve, bore superficial

markings on the ID of the sleeve (scrapes and scratches) and these markings

were axially orientated.

The mid-portion of the heater sleeve, identified as Section 2, was segmented

into three additional sections (Figures 4-3 and 4-4). To further examine the

two areas of major interest, Section 2A (area of which boric acid deposits

were seen on the OD of the sleeve) and Section 2C (area of which boric acid

deposits and axial throughwall cracking were observed on the OD of the sleeve)

were sectioned to examine the ID of both sections. Section 2A and 2C were cut

axially along the 0'/180' and 15'/195' axes, respectively. A visual

examination of the ID of Section 2A revealed extensive circumferential

cracking on both halves (Figure 4-3). The circumferential cracking was

observed to be concentrated in the 90 and 270' orientations and extended

approximately 90 and 1500 around the circumference, respectively. Within

these areas numerous scrapes and scratches could be seen, for the most part

orientated axially. No axial cracking was evident within these areas. The

inside diameter of section 2C was examined visually and revealed extensive

damage (Figures 5-2 and 5-3). Within the inner diameter severe scratches,

scrapes and gouges were evident. The scrapes and scratches were axially and

circumferentially orientated. The axial markings were similar to the ones

observed in the inner diameter of section 2A. Localized gouging was observed

within the bulged area of the sleeve. As a result of the reamer being stuck

in this area some piling of metal was observed. The wall loss seen in this

area can be attributed to the gouging. The three throughwall axial cracks

were clearly evident as was a series of circumferential cracks. Some of these

circumferential cracks were linked to the axial cracks and were concentrated

near the bottom of the bulged area. A higher magnification photograph of the

inner diameter of section 2C (Figure 5-2) shows the extent of damage, both

circumferentially and axially. Figure 5-3 is a schematic drawing documenting

some of the findings discussed above for section 2C.
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Section 3, which is the section of the heater sleeve that passes through the

pressurizer, revealed no damage to the inner diameter. This segment of the

heater was not sectioned and was saved for future testing.

5.3 LIQUID PENETRANT INSPECTION

After the visual inspection of sections 2A and 2C were completed, the half of

segment 2C containing defects B and C was section for various metallographic

examinations. To confirm the findings of the visual examination, section 2A

and the remaining pieces of section 2C were inspected by liquid dye penetrant

(refer to Section 3.2 for dye penetrant procedure). Figures 5-4 and 5-5

document the results of the dye penetrant testing on sections 2A and 2C. In

Figure 5-4 the axial and circumferential cracking is evident in section 2C.

Defect A can be clearly identified in Figure 5-4. The circumferential

indications may look larger than they actually are, possibly due to the length

of the dye penetrant developing time. Section 2A had numerous circumferential

cracking with no axial cracking apparent (Figure 5-5).
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Section 6

DEFECT CHARACTERIZATION

6.1 SCANNING ELECTRON MICROSCOPE EXAMINATION

The circumferential and axial fracture surfaces of samples removed from

section 2C were examined by an ETEC Autocan Scanning Electron Microscope

(SEM), supplemented with energy dispersive spectrometry (EDS), using a Kevex

Analyst 8000 EDS spectrometer. Two samples, one axial and one circumferential

were removed from section 2C, clamped into individual four point screw

adjusted holders and then blown with a jet of dry oil-free air to remove loose

particles from the crack surfaces that would otherwise charge-up during the

SEM examination. The holders effectively grounded the samples and no carbon

or silver coating was necessary. Operation of these instruments followed the

manufacturer's instructions. ASTM has not published procedures for

fractography examinations. However, surfaces examined by SEM, in accordance

with accepted scientific principles, can be compared with fractographs

presented in various fractography textbooks (8,9,10). For the circumferential

and axial fracture surfaces, a series of photographs were obtained at

magnifications of 14X and 18X, respectively, and were assembled into

photomontages for each fracture surface. Higher magnification. fractographs

were taken of selected areas on each sample to determine crack morphology.

EDS spectra were obtained in each of these regions. An oxide on both samples

obscured features of importance on both samples from SEM examination. The

samples were descaled for 20 hours in boiling alkaline permanganate, rinsed in

DI water, then descaled for 6 hours in boiling ammonium citrate and finally

rinsed in DI water. The results from these examinations are presented and

discussed below.

Figure 6-1 shows the fracture surface of the axial crack from section 2C.

Higher magnification fractographs near the ID, OD, mid-wall and
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intergranular/ductile transition areas are shown in Figures 6-2 through 6-4.

Examination of these areas revealed that the cracking was intergranular with

some branching evident. In neither of these fractographs was any

transgranular cracking identified. The fracture surface associated with

intergranular attack resembles the "rock candy" appearance (clean separation

of grains and well defined smooth grain facets). This appearance can be seen

in the fractographs, although the grains are more rounded. These rounded

grains would suggest that the crack is old. Another indication that the crack

was old is the heavy oxide scale which was found on the fracture surface. An

EDS spectrum of the fracture surface near the ID was obtained before the

sample was descaled (Figure 6-5) and the scale was found to be iron oxide.

Contaminants such as Si, Al, S and Ca were also present. EDS spectra were

also collected near the ID, OD, mid-wall and intergranular/ductile transition

areas after the sample was descaled (Figures 6-5 and 6-6). The elements

present in all four spectra are that of the base material for Alloy 600.

The photomontage of the circumferential fracture surface from section 2C is

shown in Figure 6-7. It is not clear from the photomontage how deep the crack

was, but it can be estimated to be at least 80% throughwall. Figure 6-8

presents higher magnification fractographs near the ID and OD walls. Similar

to the axial fracture surface, the circumferential cracking was intergranular,

with some branching, and gave the "rock candy" appearance. The grains tended

to be more rounded which again would suggest an old crack. Figure 6-9

presents, in another area of the fracture, the transition from the

intergranular corrosion caused by in-service degradation to the ductile

tearing, representing sound metal that failed during the removal of the

fracture surface. EDS spectra were collected at the ID and mid-wall locations

and are shown in Figure 6-10. Near the ID spectra were collected before and

after the descaling was completed. The scale on the surface near the ID was

rich in Fe. The Al peak present is from the holder in which the sample was

clamped. The elements present after descaling are those of the base material

for Alloy 600. A more detailed examination of the oxide surface was performed

by Auger/XPS (refer to Section 6.2).

Figure 6-11 presents the SEM/EDS analysis of the deposits/oxide which was
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found on the ID surface in a gouge, near the bulged region of the sleeve. EDS

spectra were collected at two locations and the deposits/oxide was found to be

iron oxide. These spectra were similar to the one obtained near the ID of the

axial fracture surface.

6.2 AUGER/XPS RESULTS

To infer the water chemistry that was present in the narrow annulus between

the heater sleeve and the heater element, and thus possibly determine how the

water chemistry may have affected cracking, it was necessary to determine the

composition of the thin oxide layer on one of the crack surfaces and on the

inner surface of the sleeve. Energy Dispersive Spectrometry (EDS) is an X-ray

energy spectrometry technique that has the advantage of giving a complete

qualitative analysis in one operation in conjunction with a scanning electron

microscope, but because of the penetrating power of the X-rays the volume

sampled may be greater than desired thus diluting trace impurities in the thin

oxide with base metal sampling. Also EDS does not readily detect elements

below an atomic number of 10. To obtain a quantitative analysis with the

desired depth sampling and elemental analysis, Auger and XPS exams were

conducted. The Scanning Auger Microprobe does not use X-ray energy

spectrometry. Instead Auger electrons are emitted from a sample's surface

through electron or proton bombardment. The Auger electrons are extremely low

energy electrons and originate very close to the sample's surface; the probing

depth is about 2 nm as opposed to about 1000 nm for EDS and thus is an

effective way of analyzing surfaces. The energy of the Auger electrons is a

function only of the atomic energy levels involved in the Auger emission and

is characteristic of the atom from which it comes. All elements having an

atomic number greater than 2 can be detected by Auger.

X-ray Photoelectron Spectroscopy (XPS) utilizes the measurement of core

binding energies. In XPS, a sample is bombarded with high energy X-rays that

cause emission of inner shell electrons. All electrons whose binding energies

are less than that of the exciting X-ray are ejected and their energies

measured. By suitable formulas and measurement, quantitative analysis of the

sample is possible and information about valence states obtained, and thus
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both compounds and elements can be identified. As with Auger, XPS has a

sampling depth of about 2 nm.

A part-throughwall circumferential crack was cut from the sleeve and

mechanically opened up. This crack had been exposed to dye penetrant cleaner,

dye and developer. Figure 6-12 shows EDS spectra of the dye and the

developer, composed of potassium, magnesium, silicon and smaller amounts of

calcium and iron. The circumferential crack was cut in half so that

simultaneous examinations could be performed on XPS and Auger equipment. Each

crack face was carefully handled to avoid further surface contamination. All

samples were blown off with a jet of dry, oil-free air to remove cutting wheel

particulates. An additional axial throughwall crack which had not been

exposed to dye penetrant was prepared but not analyzed. XPS and Auger

analyses were performed by Surface Science Western (SSW).

Scanning Auger analysis at SSW was carried out in a Perkin-Elmer PHI Model 600

scanning Auger microprobe. Analysis was carried out with a low energy

electron beam (5 kV) on individual grain facets. Sputtering was carried out

with 3 kV Are ions rastered over a I x I mm2 area. Under these conditions, a

sputter rate of about 30 nm/minute for a mixed (Ni, Cr, Fe) oxide is obtained.

Analyses were carried out at selected locations across the defect including

the final ductile overload region. Auger broadscan spectra were collected and

surface compositions were obtained from the peak-to-peak heights using

appropriate relative sensitivity factors. In the case of chromium overlap

with oxygen, the negative peak excursion for chromium is measured and the

sensitivity factor is adjusted accordingly.

XPS analysis at SSW was carried out in a modified Surface Science Laboratories

Model 100-SX X-ray photoelectron spectrometer. Monochromatized Al K-alpha X-

rays focused to small spot sizes (300-600 microns) were used for the analysis.

Sputtering was carried jout with a 4 kV Ar+ ion rastered over a 2 x 2 mm2 area

to give a sputter rate of approximately 10 nm/minute for a mixed (Ni, Cr, Fe)

oxide film. Both broadscans and high resolution narrow scans of Ni, Pb and S

were obtained from selected locations across the defect.
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At SSW, a SEM micrograph of the Auger sample surface was obtained for the

record and also to facilitate the location of areas of interest during the

subsequent Auger analysis. The SEM/EDS examinations at SSW were carried out

in an ISI DS-130 SEM equipped with a Tracor Northern 5500 EDS. Each sample

was carefully wrapped in aluminum foil (leaving only the defect surface

exposed) and placed in a special sample holder for XPS or Auger analysis.

Samples were radioactive and appropriate safety precautions were observed at

all times. Table 6-1 lists the detection limits of several elements on both

instruments.

Auger analyses were conducted on six areas of the sample: on an area of

deposits, on the crack surface near the inner wall of the sleeve, at a mid-

crack depth location, at the crack tip, on the ductile overload surface that

was created when the crack was opened, and on the inner surface of the sleeve

wall. Figure 6-13 shows the crack surface and the location of each analysis.

Figure 6-14 shows a closeup of needle-like deposits located on the crack

surface (location A). These deposits seemed to cover a large portion of the

crack surface, but were absent from the ductile overload region, suggesting

that they existed on the crack surface prior to the opening of the crack. An

area containing a particularly heavy concentration of deposits was chosen for

analysis. The deposits were analyzed in an unsputtered condition and after 20

and 60 seconds of sputtering. Due to the thin needle-like shape of the

deposits some base metal may have been included in the analysis. Table 6-2

summarizes the Auger results. The Auger spectra are included in Appendix A.

In addition to the expected elements (Ni, Fe, Cr, 0) the deposits also

contained S, Ti, B and Pb and/or Si'. The sulfur is present in the deposit in

amounts that are almost double that found in the ductile region (location 4).

Sulfur is not present in the dye penetrant. Since some was found in the

ductile region, some of it may have been introduced by sample handling after

the crack was opened. Since there is twice as much sulfur on location A than

location I , it is reasonable to infer that a small amount of sulfur was not

introduced by handling, and was either present in the deposits or on the crack

surface prior to the crack being opened. Other areas of the crack have larger
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amounts of sulfer incorporated deep within the oxide. XPS also detected

sulfur on the crack, but Auger has greater sensitivity to sulfur than XPS and

the Auger results should be given greater consideration. Titanium is not an

unexpected element on the crack. It is present in Alloy 600 in typical

amounts of about 0.3 a%. Here it is apparently present in much greater

quantities. However, titanium and nitrogen interfere in the Auger spectrum.

Nitrogen has one peak at 380 eV while titanium has two peaks, one at 380 eV

and one at 420 eV. The 380 eV peak is the peak used for quantification and

thus the amount shown includes nitrogen. Titanium is present, since the

second peak which has no interference, is present. XPS, which has no N/Ti

interference, indicates that nitrogen is present in amounts from 1.2 to 4.7

a%, so the titanium amounts are not unusual. Boron is also not unexpected,

since it is present in the primary water. In this case boron is present on

the ductile surface in amounts greater than that found in the deposit region.

Here boron was introduced after the crack was opened from some external source

or from particulates from another region of the crack. Lead and silicon were

also found in the deposit region. Auger is unable to distinguish between lead

and sil\icon, so they are reported together. Both were found with XPS, which

is able to distinguish between them and in general there was much more silicon

than lead. Silicon is present in Alloy 600 at about 0.6%; the levels seen on

the crack surface are much higher. The silicon was most likely introduced

from the dye penetrant white developer, which is a powdery substance. ihis

may have worked its way to the ductile surface from the crack surface when the

crack was opened. The source of the lead is unknown, but its presence was

confirmed at other locations by XPS.

The location of the Auger analysis performed on the crack mouth is shown in

Figure 6-15. The results are shown in Table 6-2. The same elements found

near the deposits were found at this location as well. In addition calcium

was found and was incorporated into the entire oxide thickness. Calcium is

only a minor component in the dye penetrant and it is likely that some of the

calcium found here came from the dye penetrant, however its incorporation

throughout the oxide suggests that some of it may have been introduced from

the primary water. The Ni/Cr ratio at the oxide surface is more than double

that of the ductile base metal indicating exposure to an alkaline environment.
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The presence of an alkaline environment gives some support, but does not prove

that calcium was present in the primary water. The relative Ni/Cr ratio

returns to neutral values after over 5 minutes of sputtering through the oxide

thickness. Figure 6-16 is a plot tracing the concentrations of Ni, Cr, Fe, 0,

C and Pb while sputtering off the oxide layer. About 30 nm of oxide is

removed for every minute of sputtering. It is important to realize that the

oxide layer thickness on a grain facet may not be uniform; there may be

patches of thick oxide and regions of base metal. To determine an "average"

oxide thickness, the oxygen content is monitored. The point at which oxygen

reaches half of its initial concentration is the "average" oxide thickness.

It was determined by this method that the crack mouth had an oxide thickness

of 1128 nm, a relatively thick oxide. Lead is shown in the figure, but it

occurs at its detection limit. Boron was present throughout the oxide in

relatively high amounts.

Figure 6-17 shows the mid-crack location where Auger data was taken. Note how

the grain facets are more clearly defined than that shown in either Figures 6-

14 or 6-15, indicating a younger crack (i.e. newer part of the crack). Table

6-2 presents the Auger data from this area. Zinc was identified on the outer

surface of this oxide, but its significance or source is unknown. Ni/Cr

ratios are not as high as that of the crack mouth, but they still indicate a

alkaline-neutral environment. Sulfur amounts are somewhat higher than that of

the crack mouth and potassium was identified, most likely introduced by the

dye penetrant. Figure 6-18 shows the Auger depth profile for the mid-crack

region. The profile is similar to that shown in Figure 6-16, except the oxide

layer has a thinner average thickness, 615 nm.

Figure 6-19 shows the area where Auger analysis was performed on the crack

tip. Compared to the mid-crack and crack mouth regions, the grain facets at

the tip are better defined, their edges less rounded. Figure 6-20 shows the

Auger depth profile at the crack tip. At this location the oxide has an

"average" thickness of only 150 nm, a thin oxide indicative of a young portion

of the crack. The large difference in oxide thickness and grain shape in

going from the crack mouth to tip suggests a slow growing crack. Note how

little chromium is present near the oxide surface. The same low chromium is
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seen in the detailed Auger data summarized in Table 6-2. These Ni/Cr ratios

suggest that cracking occurred in an alkaline environment. Both sulfur and

boron occur in large amounts throughout the oxide near the crack tip. The

large amount of sulfur found in the region where fresh cracking is occurring

and in the part of the crack having the longest ion diffusion path, strongly

implicates sulfur in an alkaline environment as the causative species. The

long ion diffusion path through the crack and then through the oxide layer

would make sulfur migration from an outside source unlikely. The role of

boron, found in large amounts where the Ni/Cr ratios were high, is not clear.

Figures 6-21 and 6-22 show micrographs of the ductile and ID wall surfaces

analyzed. The ID wall had been honed recently and should resemble the base

metal found in the ductile region. Nearly all aspects of the Auger analysis

are similar in both regions. Figure 6-23 shows a plot of the Ni-Fe-Cr-O-S

Auger data in various crack positions (i.e. positions 1,2,3 and 4). The data

was taken from the first sputter and was normalized to eliminate the effects

of the various carbon concentrations at each location.

Table 6-3 summarizes the XPS results and is in general similar to the Auger

results. Ni/Cr ratios through XPS also suggest an alkaline environment.

Larger concentrations of boron were identified with XPS and contaminants such

as chlorine, phosphorus and magnesium were also found. The source of the Cl

and P is not known, but is only present on the surface and may have been

introduced during handling. XPS found that the sulfur was present as a

sulfate, while nickel was found predominantly as Ni(OH)2, although after

sputtering Ni metal was identified. Sulfates in high pH environments have

been shown to cause stress corrosion cracking in Alloy 600 by Sala et.al.

(U).

6.3 LIGHT OPTICAL METALLOGRAPHY

The light optical metallography (LOM) was conducted on longitudinal and

transverse samples removed from sections 1 and 2 of heater sleeve FF-1. A

transverse sample was removed from sections 1, 2B and 2C and a longitudinal

sample was removed from section 2A and 2C. Each sample was removed from the
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heater sleeve using a Buehler Limited AB cutter (Model #10-1030) and mounted

in epoxy mounting material. Each metallographic mount was ground with silicon

carbide papers, followed by 220, 100, 30 and 15 micron diamond wheels using

Buehler polishing oil. The mounts were polished on 6 micron texmet, followed

by microcloth using 3 micron and 1 micron diamond aerosol sprays.

Transverse mounts from sections 1 and 2C were examined and photographed in the

as-polished and etched conditions. Both mounts were etched with 5% Nital to

enhance microstructure features. Figures 6-23 and 6-24 document the as-

polished and etched conditions. There was no evidence of axial cracking in
section 1 (Figure 6-23), although examination of the ID revealed axial grooves
(i.e. scrapes or scratches) less than 1 mil deep. Defect C is clearly evident
in Figure 6-24 as is the smeared metal on the ID surface. The depth of the

smeared metal was approximately 1 mil deep.

A transverse sample was removed from section 2B to document the extent of

axial cracking within this area and to measure the depths of selected grooves

(i.e. scrapes or scratches). The sample was etched with 5% Nital. Figure 6-

25 shows the extent of damage in four different areas. The depths of these

grooves were approximately 1 mil or less. A crack associated with a shallow

scratch is documented in one of the photomicrographs in Figure 6-25. Two

different axial cracks extending from the ID are documented in Figure 6-26.

There was grain dropout associated with the axial cracking along with some

branching. It is possible that some grain dropout could of occurred during

sample preparation.

A longitudinal sample was removed from section 2A and was examined and

photographed in the as-polished and etched conditions. The mount was etched

with 5% Nital. Figures 6-27 through 6-29 document the as-polished and etched

conditions. The extent of circumferential cracking is shown in the

photomicrographs in Figure 6-27. Cracking ranged from approximately 18 to 63

percent throughwall. The circumferential cracking did not propagate 90 to

the tube wall. This is possibly due to the complex stress state which exists

at this location. All of the circumferential cracking tended to extend down

to the bottom of the sleeve. Higher magnification photomicrographs of two
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selected cracks are shown in Figures 6-28 and 6-29. A 500X photomicrograph

was taken at the crack origin and crack tip for each crack. In both cases the

circumferential cracks were intergranular with no evidence of transgranular

cracking. Carbide banding was present near the ID of the sleeve. An EDS

analysis was performed to determine the composition of the material within one

of the circumferential cracks. The results are presented in Figure 6-30. The

material within the crack is that of the base material Alloy 600.

Figure 6-31 documents a 13 percent throughwall circumferential crack in

section 2C. The crack is intergranular with no branching evident.
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Table 6-1

AUGER AND XPS MINIMUM DETECTION LIMITS (at.%)
FOR ELEMENTS OF INTEREST

e&a

S 0.2 0.5

B 1.2 1.6

Cl 0.1 0.3

Si 0.5 0.5

Ti 0.6 0.2

Pb* .05

As --- _0.6

Na 0.5 0.3

K 0.3 0.6

Cu 0.5 0.2

Fe 0.6 0.5

Ni 0.4 '0.5

Cr 1.5** 0.5

*

**
Spectral interference from a Ni peak.
Poor detection limit due to spectral interference with the oxygen peak.
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Table 6-2

SUMMARY OF AUGER RESULTS

am
1

Sputter COMPOSITION (ATOMIC %1 NiFeCr Only
Location Isecl Ni/Cr

Ni Fe Cr 0 C S TI+ B Ca Other NI Fe Cr
NI

Crack 0 17.4 3.1 3.2 30.2 40.2 1.1 1.5 1.4 0 Pb+SI 1.9 5.4 73.4 13.0 13.5
Deposit 20 23.3 7.3 6.2 36.0 19.3 1.3 2.8 0.8 0 Pb+Sl 3.0 3.8 63.3 19.8 16.8

(Loc A) 60 17.8 6.6 6.5 38.0 22.6 1.4 2.8 0.9 0 Pb+Si 3.4 2.7 57.6 21.3 21.0

Crack 0 14.1 1.5 0 9.9 72.4 0.5 1.7 0 0 90.3 9.6 0
Mouth 10 ' 24.1 3.2 2.4 15.3 44.4 1.4 4.9 3.4 0.4 Pb+Si 0.6 10.0 81.1 10.7 8.08
(Loc 1) 30 27.8 4.6 3.2 14.0 39.1 1.4 4.6 4.8 0.4 8.7 78.0 12.9 8.98

60 32.6 5.1 5.8 14.7 31.4 1.5 4.4 4.1 0.5 5.6 74.9 11.7 13.3
120 35.9 6.0 8.7 15.7 24.1 1.2 4.6 3.4 0.5 4.1 70.9 11.8 17.1
300 41.2 6.1 12.5 15.1 15.5 1.5 5.0 2.6 0.6 3.3 68.8 10.2 20.9

Mid-Crack 0 13.7 1.3 2.1 12.3 65.6 0.7 1.5 1.1 0 Pb+SI 0.3,Zn 6.5 80.1 7.60 12.2
(Loc 2) 20 30.9 2.9 5.5 14.2 41.7 1.2 1.9 1.4 0.3 1.3 5.6 78.6 7.37 13.9

40 36.7 3.1 6.5 13.8 34.4 1.7 2.2 1.7 0 5.6 79.2 6.69 14.0
60 41.0 3.4 7.3 11.7 30.8 1.9 2.5 1.3 0 5.6 79.3 6.57 14.1

120 45.6 4.5 9.8 13.9 19.5 1.9 3.1 1.4 0 4.7 76.1 7.51 16.3
300 50.1 4.9 12.1 14.6 12.1 1.4 3.0 1.6 0 K 0.3 4.1 74.6 7.30 18.0

K 0.2

Crack Tip 0 34.9 0.7 2.0 6.1 45.3 5.9 1.3 3.8 0 17.5 92.8 1.86 5.31
(Loc 3) 20 37.4 1.5 3.3 3.1 42.6 6.3 1.7 4.1 0 11.3 88.6 3.55 7.81

60 40.8 2.8 6.6 2.4 35.0 6.0 1.7 4.1 0 K 0.5 6.2 81.2 5.57 13.1
120 46.6 3.7 10.4 1.2 29.9 3.6 2.1 2.2 0 K 0.3 4.5 76.7 6.09 17.1
180 47.4 4.2 11.6 1.1 27.3 2.6 1.8 1.9 0.4 K 0.3. Zn 1.4 4.1 75.0 6.64 18.3
300 51.9 5.6 12.8 1.1 22.3 1.4 2.2 2.4 0 K 0.3 4.1 73.8 7.96 18.2

Ductile 0 26.0 3.0 6.3 7.9 49.8 0.8 2.5 2.1 0.4 Pb+SI 1.0 4.1 73.6 8.49 17.8
(Loc 4) 20 36.4 4.3 8.1 5.5 40.9 0.6 1.9 1.4 0 Pb+SI 0.9 4.5 74.5 8.81 16.5

60 31.7 5.2 13.6 4.6 39.7 0.7 2.2 1.7 0 K 0.7 2.3 62.7 10.2 26.9
120 34.3 5.6 16.5 2.9 35.9 0.6 2.3 1.2 0 K 0.6 2.1 60.8 9.92 29.2

ID 0 20.7 3.9 6.1 13.7 50.6 0.8 1.1 1.3 0.3 Zn 1.5 3.4 67.4 12.7 19.8

(Loc 5) - 20 52.7 8.3 14.4 9.9 11.3 0.5 1.4 1.6 0 K 0.2 3.7 69.8 11.0 19.0
60 56.7 8.3 14.7 7.4 9.1 0.3 1.7 1.8 0 3.9 71.1 10.4 18.4

120 61.1 8.1 16.4 4.6 6.5 0.3 1.6 1.4 0 3.7 71.3 9.46 19.1
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Table 6-3.

XPS QUANTITATIVE DATA SUMMARY

w

: m.i.~ 0 .::|*.........

__** _ a*a: Ni v:;Cr 1 Fe lot°SI B: I Si:I *:Pb : Zn;* I::: S- *l:Othe ___A r ei. .!N ....I ~

Crack Mouth 27.6 2.0 2.8 60.0 4.1 2.2 0.24 1.11 4.4 13.0
. (SO,)

Mid-Crack 25.5 3.2 2.5 57.0 11.0 - 0.16 1.0 - 8.2 6.2

Crack Tip 25.4 3.7 1.0 56.0 6.0 5.2 0.08 1.6 - 6.9 4.6

Ductile Region 28.5 7.0 3.2 49.0 - 6.5 - - CI-2.7
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _P -2 .0 _ _ _ _ _ _ _ _

Crack Mouth 33.0 3.5 2.8 47.0 10.0 - - N-3.2 5.3 9.4

(Light Spl" (2.5 for
__ oxides)

Mid-Crack 35.8 2.6 1.9 39.0 17.0 N-1.3 6.5 13.9
(Light Sp)** (-2.6 for

oxides

Mid-Crack 36.02 5.99 2.99 49.69 3.58 . N-1.7
(Long Sp)*

Ductile 2P- 14.7 2P=4.62 4.72 3.68 - -

(Light Sp)* 3P=38.45 3P=9.01

Point 5 5.69 2.19 2.26 55.0 14.66 5.2 Mg-8.12
N-4.65

* The 3p and 2p designations refers to the electron orbitals in each atom. The 2p electrons require greater energy for ionization than the 3p electrons.
Both are valid; the 2p results are more of an 'average".

*Sp = Sputter.
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Figure 6-1. SEM Photomontage of the Axial Crack from Section 2C (18X).
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I Figure 6-2. Axial Fracture Face from Section 2C, Near ID and
OD Walls.
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I Figure 6-3. Axial Fracture Face from Section 2C, Showing Mid-WallLocations.
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I
| Figure 6-4. Axial Fracture Face from Section 2C, Showing Intergranular/

Ductile Transition Locations.
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Figure 6-5. EDS Analysis of the Axial Fracture Surface from Section 2C Near
ID, Before and After Exposure to AP/AC Descaling Process.

6-18



kC;-i HcATE rr-t SEc. 2. ncaR or
.. 'i. 9675 co-ns WIS. I PItSt. O 3 .

Ci..... 203 see.

fit

IC

rE

0/hi el r

I. -1I

III

A
* 2 *4 f 6 6 lie i12 I14 lb lie

- e.08 * 1.9e. 28.469 key 2.220 -Z
Interal S * 222993

OD

cC-i ffaTcR rr-i SEC. 2C HIDWALL P,...t. Off
vrt. 982e cos"t. 0Ct. I Efo.ded Zee sect

CP

tF

Mid-Wall

CC-!"II 1(81(8 r-I SIC. 2C lR1.tl1 l P..., 0f
Veil 277 @S..u DI P. E CIapsod. 328 'cc

hi
C HI

CR

o~nx t I 1rc

LlSI -

4. 0.249 RA, 28 468 IeV 2.416 -
Mid-Wallk2Il 789a

I.II0141 11?S~

Transition
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Figure 6-7. Photomontage of the Circumferential Crack from
Section 2A (14X).
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Figure 6-8. Circumferential Fracture Face from Section 2A, Near
ID and 00 Walls.
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I Figure 6-9. Circumferential Fracture Surface from Section 2A, Showing
Intergranular/Ductile Transition.
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Deposits
(POINT A)

Crack Tip
(POINT 3)

Inner-Wall
(POINT 5,

NOT SHOWN)

Mid-Crack
(POINT 2)

Crack Mouth
(POINT 1)

Ductile Region
(POINT 4)

Figure 6-13. Location of Auger Analyses (108544).
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| ~108539-

| Figure 6-14. Auger SEM Micrograph (500X) of a Crack Mouth Region Exhibiting
Needle-Like Deposits on theeSurface..
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Figure 6-15. Auger SEM Micrograph (500X) of the Crack Mouth Region. Point #1
Marks the Grain Analyzed.
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Figure 6-17. Auger SEM of the Mid-Crack Location. Point #2 Marks
the Grain Area Analyzed.
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Figure 6-19. Auger SEM Micrograph of the Crack Tip Region. Point #3
Marks the Grain Analyzed.
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Figure 6-21. Auger SEM Micrograph of the Ductile Region. Point #4
Marks the Area Analyzed.
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Figure 6-22. Auger SEM Micrograph of the ID Surface Region.
Marks the Area Analyzed (Note Reaming Marks in

Point #5
Micrograph).
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Figure 6-23. Ni-Fe-Cr-O-S Auger Data.
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Photomicrograph of a Transverse Metallographic Mount from
Section 1 Showing Axial Grooves in Two Different Locations
Mount 8-94.
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Figure 6-25. Photomicrograph of a Transverse Metallographic Mount from
Section 2C Showing Two Different Locations Mount 7-B94.

6-40

C--3nr

M



I

108334 200X

I
I
I
I
I
I
I A /~~* * - . A, oai **.

B337 200X108336 200X

I
Figure 6-26. Photomicrograph of a Transverse Metallographic Mount from

Section 2B, Showing Axial Grooves in Four Different
Areas, Mount 12-B94.
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*Figure 6-27. Photomicrograph of a Transverse Metallographic Mount from

| Section 2B, Showing Axial Cracking in Two DifferentLocations, Mount 12-B94.
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Figure 6-28. Photomicrograph of a Longitudinal Metallographic Mount from
Section 2A, Mount 10-B94.
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I Figure 6-29. Photomicrograph Showing Circumferential Cracking in
Section 2A, Mount 10-B94.
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Figure 6-30. Photomicrograph Showing Circumferential Cracking in
Section 2A, Mount 10-B94.
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Figure 6-31. EDS Analysis of Oxide Within a Circumferential Crack fromSection 2A, 10-B94.
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I Figure 6-32. Photomicrograph of a Longitudinal Metallographic Mount from

Section 2C, Showing a Circumferential Crack, Mount 11-B94.
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Section 7

BASE METAL CHARACTERIZATION

7.1 MICROSTRUCTURE EVALUATION

The microstructure of heater sleeve FF-I was characterized, near and remote

from any defects, to confirm the metallurgical condition of the sleeve.

Longitudinal metallographic sections, 0.5 inch long, were removed from

sections 1 and 2A. Both sections were mounted, ground with silicon carbide

papers, polished and etched using the dual etch electrolytic procedure

described in Table 7-1. The orthophosphoric acid etch reveals carbide

presence, location and distribution while the nital etch reveals the grain

boundary network. Comparison of photomicrographs of the same area of a

specimen permits an assessment of carbide distribution with respect to grain

boundary network. The microstructure of each section was evaluated at the

inner wall, at mid-wall and at the outer wall of the sleeve. Photographs were

taken at 1OX to evaluate the overall grain structure and at 500X to make an

easier determination of grain size. Grain sizes were determined using the

comparison method of ASTM E112-plate II. Use of the 500X photographs rather

than lOOX photographs required the addition of a correction factor of 4.6
(A=6.64 log (500/100) = 4.6) to the grain sizes indicated by plate II of ASTM

E112.

Figures 7-1 through 7-6 are a series of photomicrographs that document the

metallurgical condition of the sleeve. Table 7-2 provides the grain sizes for

each section at mid-wall and near the ID and OD of the tubes.

Examination of the dual etch microstructure (Figures 7-1 through 7-6) of

section 1 and 2A showed grain sizes were typically ASTM size 7-8 at the OD and

mid-wall locations. Heavy carbide banding was apparent at the ID of both

sections. Grain size was about ASTM 7 at the ID; however grains within the
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carbide bands at the ID were smaller (approximately ASTM 8) while grains

between the carbide bands were larger (about ASTM 6 1/2). Figure 7-7 shows a

100X photomicrograph of the heavy carbide banding. In all cases, the carbides

were intragranular showing very little or no correlation with the grain

boundaries.

7.2 ROCKWELL/MICROHARDNESS TESTING

The microhardness of heater sleeve FF-1 was determined near and remote from

the circumferential and axial defects. The same longitudinal sections used in

the microstructure and light optical metallography examinations were re-

polished to remove any etch. A microhardness evaluation was performed on a

transverse mount removed from section 2B to determine the microhardness near

and remote from an axial scratch (i.e. groove or scrape). Indications were

made on a Shimdzu Type M 78328 microhardness tester, using a Knoop indenter,

under a 300 gram load for 15 seconds. Indications were measured at a

magnification of 400X in microns, and converted to HK300 in accordance with

ASTM E384.

Microhardness measurements, made from the inner to the outer wall typically

included 28 measurements for the locations near and remote from defects (i.e.

axial and circumferential cracking) and 15 measurements near and remote from

an axial scratch. Figures 7-8 through 7-11 present the microhardness results

graphically. For sections 1, 2A and 2C (i.e. locations near and remote from

defects) the microhardness values were higher near the inner wall for all

three sections, but varied in magnitude from section to section. These wide

range of values (i.e. 250 to 325 Knoop) can be attributed to the carbide

banding observed near the ID of each section. Some inner diameter locations

showed more banding compared to other ID locations. Below the ID, surface

values ranged from 200 to 225 Knoop at most locations. The microhardness

values near the OD of each section were relatively consistent.

Figure 7-11 presents the microhardness values for section 2B, near and remote

from an axial groove (i.e. scrape or scratch). It is evident from the

measurements that there is an increase in hardness near the ID of the sleeve
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below an axial groove location. Evidence of shallow cold-work associated with

the axial groove is apparent in the photomicrograph in Figure 6-25. Below the

ID at each location, the surface values decreased to approximately 225 to 230

Knoop at a depth of 50 mils.

Table 7-3 presents the results of the Rockwell B hardness values for heater

sleeve FF-1. In order to obtain Rockwell B hardness measurements, transverse

sections were removed from the heater sleeve from sections 1 and 2C.

Indentations were made on a Wilson #857, Model 3JR Rockwell hardness tester,

using a ball indenter, under a 100 Kg load. Five readings were made on the

surface of each section and an average of these readings are shown in Table 4-

5. At both locations, the hardness values were equivalent (i.e. Rockwell B

88).

7.3 SENSITIZATION ASSESSMENT

Tests were conducted to characterize the degree of heater sleeve sensitization

and thereby the susceptibility of the sleeve to intergranular corrosion.

Sensitization was assessed by determining weight loss using a Modified Huey

test, similar to ASTM A262 Practice C except samples were exposed to boiling

25 w/o HNO3 solution for one period of 48 hours as opposed to 65 w/o HNO3 for

five periods of 48 hours. A weight loss of >5% or >500 mdd would indicate

sensitized Alloy 600.

Samples were taken from near the circumferential defect area (section 2A) and

at a location near the bottom of the sleeve (section 1).

Table 7-4 summarizes all Modified Huey test results. Sensitization results

are based on the measured weight loss in mg and the initial sample surface

area in dM2. The weight losses observed indicate that the heater sleeve

tested was not sensitized.
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Table 7-1

DUAL ETCH PROCEDURE FOR
MICROSTRUCTURAL EVALUATION OF ALLOY 600

| : .'. . . . - . . ....., .... .' . .. . . . . ' . '.'. .

' ' Prepare sample metallographyically

~. ;;.. ... .

2 : Use diamond indentation to locate an area of interest

Etch electrolytically in orthophosphoric acid/water

8:1
2 1/2 - 3 1/2 volts
approximately 10 seconds

i .S . . X.....o..Si

.... .... .. Photograph (orthophosphoric acid etch reveals carbides)

.5 Lightly repolish sample to remove orthophosphoric acid etch

Etch electrolytically in 5% nital

2 1/4 - 3 1/4 volts
approximately 10 seconds

7 Locate the area marked by diamond indentation and photograph
W ci~;;>?wYsY(nital etch reveals grain boundary network).. .. .: : .- ..ic. .. . c;.. .. ,.., i... . , . ...-
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Table 7-2

GRAIN SIZE OF SLEEVE MATERIAL

<-Section -D - Xoa L ID>4> eX4, 4: . ..i j44 .j ..... 4:4.j44j .44a4444^44iti 8 j

1 7-8 7-8 6 1/2 - 8

2C 7-8 7-8 6 1/2 - 8

Table 7-3

ROCKWELL B HARDNESS VALUES

$ ): ... ~- Sectg ion 1 Hain s I|le

1 87.7

2C 87.8
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Table 7-4

MODIFIED HUEY RESULTS

Secton, .t% ossMDD

.s ... . ;...- -

I 0.21 75.9

2A 0.86 245.6
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Figure 7-1. Microstructure of Heater Sleeve FF-1 Section l Near the
Tube OD (Longitudinal View 500X).
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Figure 7-2. Microstructure of Heater Sleeve FF-1 Section 1 Near the
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UFigure 7-3. Microstructure of Heater Sleeve FF-1 Section I Near the
Tube ID (Longitudinal View 500X).
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Figure 7-4. Microstructure of Heater Sleeve FF-1 Section 2C Near the
Tube OD (Longitudinal View 500X).
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7-11



,~~~~~.,' .' , _>mfc '- v

.0.

| .~ ~ ~ 6' ,, ,' .h f , -

!, . .t I

* ~ ''~'' 'J'- 7 *

1~~~~ . . , - t o.

S ~~~~t- ' ?A :<w,

108319
Orthophosphoric Acid Etch

- t�

- k �1
I,

'4-
- � �

/
� .-N.,

.' '-4'- -- -4

.%t �-9

41 �

-, - 4
1 ,
. . 'i

-1 41�'!

1

_.. -

I,, a , - - *

108320
Nital Etch

Figure 7-6. Microstructure of Heater Sleeve FF-1 Section 2C Near the
Tube ID (Longitudinal View 500X).

7-12



Orhpopoi Acd tc
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Figure 7-8. Microhardness of Section 1.

SECTION 2C MOUNT 1 1-B94

I50i

325 -
0

0

0

c
02

02

0tc

300 -

275 -

250

225

200 I I i i I I

0 505 S 75 100 125 150 175

Distance From ID (mils)

Figure 7-9. Microhardness of Section 2C in the Area of Axial and
Circumferential Cracking.
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Figure 7-10. Microhardness of
Cracking.
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Figure 7-11. Microhardness of Section 2B in the Area of an Axial Scratch
and in an Area Remote from an Axial Scratch.
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Section 8

DISCUSSION

8.1 GENERAL

The defects that produced the leakage in CC-1 heater sleeve FF-1 were axially

oriented intergranular stress corrosion cracks. In addition, there were also

numerous part-throughwall (most at least 80%) circumferential cracks with

circumferential extent of up to 150'. These extended over approximately 2

inches of the sleeve length, beginning 4.75 inches below the pressurizer and

extending downward to the locking bar collar. All of the cracks were located

outside of the pressurizer at locations where stresses normally result only

from differential pressures and where temperatures are significantly lower

than the hottest part of the sleeves.

Since 1986, there have been several occurrences of primary pressure boundary

leakage resulting from throughwall cracks in Alloy 600 pressurizer heater
sleeves and instrumentation nozzles as well as hot leg piping sampling and

instrumentation nozzles. All of the cracks in these applications were axially
oriented. More recently, circumferential cracking occurred in an Alloy 600
safe-end on the pressurizer at the Palisades plant. All of these cracks were

associated with weldments-partial penetration welds in all cases except for

Palisades which had a butt weld of the Alloy 600 safe end to a Type 304
stainless steel pipe.

The Calvert Cliffs-1 sleeve FF-1 cracks were not near any welds. The

uppermost cracks were at least 8 inches from the partial penetration weld. A

review of plant experience identified one other plant (non-CE design,

fabricated by CE) where cracking of Alloy 600 remote from any weldment
occurred (12). The cracks were in CRDM nozzles above the reactor vessel head

but several inches below the Alloy 600 to stainless steel bi-metallic weld.
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The affected nozzles were non-vented spare nozzles. There was not any

cracking detected in nozzles which contained CRD mechanisms. Plant history

indicated that a significant contaminant intrusion (resin bed) occurred some

years ago. An on-going failure analysis has noted large quantities of sulfur

on the cracks surfaces and the ID surfaces of the nozzles.

As noted in Reference 3, stress corrosion cracking requires the simultaneous

presence of

(1) a tensile stress (applied, residual or a combination) above some

threshold value which is dependent on the environment.

(2) a metallurgical condition that is susceptible to SCC in the

environments of interest. Alloy 600 in the commonly used

conditions is susceptible to SCC in primary and faulted primary

water environments.

(3) an aggressive environment. For Alloy 600, primary water may be

sufficiently aggressive to cause SCC.

8.2 ROLE OF STRESS

The location where cracking occurred nominally has low stresses resulting only

from normal operating pressure differential. Furthermore, under these

conditions, the hoop stresses (which drive axial cracks) are twice the axial

stresses (which drive circumferential cracks). Thus, if cracks were to

initiate, the expected orientation would be axial.

The only other locations in Alloy 600 where cracking has occurred at

relatively low stress levels has been in steam generator tubes at mid-span

locations. These cracks were OD initiated underneath thick deposits.

Concentration of impurities such as Pb, S species, etc. and development of an

alkaline environment were identified as the cause of the defects.

In the absence of concentrated impurities,. i.e., PWSCC, SCC has occurred only
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at locations where plastic deformation has occurred, such as tubesheet

expansion transitions, U-bends and dented support locations. Visual and

dimensional inspection of the sleeve indicated a bulge in the area where the

reamer was lodged. In addition, there were gouges, scratches and other areas

of upset metal. The axial cracks were probably associated with the bulge and

the transition back to the nominal OD. The process of forming the bulge is

similar to the rolling process used in steam generator tube installation.

Cracks in rolled transitions are typically axial and relatively short. Thus

the source of the stresses that induced the axial cracks was probably the

deformation associated with the bulge.

The circumferential cracks indicate that significant axial stresses were

present in the sleeve and the depth of these cracks (almost throughwall)

indicate that the level of the axial stresses was essentially equivalent to

those in the hoop direction. Although source of stresses is not well defined,

the stresses appear to be associated with the stuck reamer. The uppermost

cracks are in areas where the reamer damage was most severe, consisting of

circumferentially orientated gouges, scrapes, scratches, etc. and it can be

assumed that this deformation resulted in axial residual stresses. Although

damage from the reamer was present in lower parts of the sleeve where severe

cracking was also present, the damage was less severe in these areas. Axial

scratches and grooves, which could have acted as stress concentrations, were

present but these should initiate axial defects. The sleeve was ovalized

somewhat which may have made reamer extraction difficult. A possible scenario

is that the reamer was removed by repeated application of a mechanical force,

such as hammering, with each application moving the reamer a short distance.

If this force was at a significantly high level, then circumferential areas of

deformation may have been present and these may have locked in axially

oriented stresses on the ID surfaces. Regardless of the specific process, the

residual stresses which induced the cracking probably resulted from the reamer

becoming stuck and the subsequent extraction of the broken and stuck reamer.

Ovalization also indicates-there must be some residual stress to hold this

shape and may account for the smile shape of the circumferential cracks.
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8.3 MATERIAL SUSCEPTIBILITY

The Alloy 600 in sleeve FF-1 was provided by the International Nickel Company

(INCO) to the requirements of ASME SB-167 and was provided as cold drawn and

annealed pipe. The annealing temperature was not identified on the mill

documentation but was in excess of 1600F. When the tubing was ordered, the

ID and minimum wall thickness were specified to minimize machining during

fabrication. The tubing was furnished with the ID in final condition; i.e.

there was no further machining before installation and only reaming afterward.

The heat/lot of material used for this and 118 other Calvert Cliffs-1 sleeves

were from the same heat/lot as was used for Calvert Cliffs-2; i.e., heat

NX8878, code C-2202.

The microstructure evaluation, sensitization assessment and hardness

measurements were consistent with those of Reference 3 for the Calvert Cliffs-

2 sleeves. As this investigation and Reference 3 noted, this heat/lot had a

relatively fine grain structure, significant carbide banding near the ID, few

intergranular and numerous intragranular carbides and high strength (yield

strength of 63.5 KSI) all as a result of a low temperature (1600-1700F) final

anneal. Alloy 600 with these characteristics is very prone to cracking in

primary water and caustic solutions, among others.

Cold work (plastic deformation) present as a result of the fabrication process

or machining operations such as reaming will make a material more susceptible

to SCC. Hardness and microhardness results, as well as visual and microscopic

observations confirmed that cold work was present near the ID surface. This

would make heat NX8878 even more prone to SCC in relatively pure water or

alkaline environments.

Thus, the Alloy 600 in sleeve FF-1 had the characteristics of material prone

to SCC in various environments and the plastic deformation caused by the stuck

reamer and its removal served to enhance this susceptibility.
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8.4 ENVIRONMENTAL CONSIDERATIONS

The environment in the crevice between the heater sleeve and heater is

deaerated stagnant water since there is no mechanism for mixing that

environment with the pressurizer bulk environment. Presumably, the crevice

environment includes boric acid and lithium hydroxide from the primary coolant

as well as primary system corrosion products, primarily iron. Any

contaminants in the primary coolant could also be present in the crevice

environment. In general, the environment could be considered similar to

primary water, which numerous investigators have identified as causing

intergranular SCC in Alloy 600 (PWSCC). If PWSCC was the failure mechanism,

microchemical analysis of the crack surfaces should indicate an absence of

contaminants known to promote SCC and an oxide composition (particularly the

Ni:Cr ratio) comparable to that of the non-corroded metal. The previous

investigation of Calvert Cliffs-2 sleeves did not identify contaminant species

and Ni:Cr ratios during Auger analysis were in the range of 3-4 as compared -to

3-7 for non-corroded ductile failed areas. Given the microstructural

characteristics of the material, absence of contaminants and Ni:Cr ratios,

Reference 3 concluded that PWSCC was the failure mechanism.

In the analysis of sleeve FF-1 different results were obtained. In general,

the Ni:Cr ratios of the crack surface oxides were greater than for the non-

corroded material, indicating an alkaline environment. The presence of

enhanced levels of Ni as Ni(OH) 2 was a further indication of an alkaline
environment. The Auger analysis also noted S present at levels above those in
the non-corroded metal throughout the crack and throughout the thickness of
the oxides.

Reference 13 noted that S as sulfates enhanced cracking of Alloy 600 in

caustic environments. Thus, this environment may have been the environment

causing the degradation in sleeve FF-I. A more likely scenario is that the

failure mechanism was PWSCC but that the propensity of failure was increased

by the presence of an alkaline environment containing S.
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8.5 TEMPERATURE EFFECTS

The temperature inside the pressurizer is 654*F and the sleeve at the ID

surface of the pressurizer are approximately the same temperature. Most SCC

mechanisms, including PWSCC and caustic SCC are temperature dependent and

thus, cracking will occur at the highest temperature locations, if everything

else remains the same. This relationship may change if stress levels change.

Higher stresses at the bulge location offset the effects of reduced

temperature and that is why cracking is possible at locations outside of the

pressurizer where the temperature is lower than near the partial penetration

weld. Reference 5 noted that the temperature in the bulge region was 600F or

less, which is well within the temperature range in which PWSCC has occurred.

Reference 5 also indicated that the temperatures in the region of the threaded

collar may be 200F or lower. At such low temperatures, PWSCC is not expected

to occur nor is the metallurgical condition of the tube (absence of

sensitization) conducive to low temperature cracking by reduced sulfur

species. The cracks are intergranular with sharp tips and thus representative

of environmental degradation, as opposed to blunt tip cracks with some

intergranular features which would suggest original mill defects.

The possibility of low temperature crack propagation was evaluated as a

possible explanation of the cracks, especially at the lower end of the sleeve.

References 14 and 15 reported this phenomenon for Alloy 600 and Alloy 690 weld

metals EN82 and R-127 with the EN82 being much more susceptible. The

laboratory data cited indicates that very high stresses and the presence of a

crack like defect which produce stress intensity factors, K,, greater than 50

KSIVin are requirements as is the presence of a hydrogenated aqueous

environment at 123 to 200F. Initiation of crack like defects occurs during

elevated temperature operation with rapid crack propagation on cooldown. If

subsequent operation occurs, the crack surface is oxidized making it

impossible to distinguish LTCP from high temperature cracking. Private

communication with one of the Reference 15 authors indicated that wrought

Alloy 600 has not exhibited this phenomena. However, another Ni base Alloy,

X-750, is very prone to LTCP (16). The lack of laboratory cracking for
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wrought Alloy 600 suggests another mechanism was responsible for the apparent

low temperature mechanism.

Review of the Reference 5 analysis and discussion with appropriate technical

personnel indicates a probability that the calculated temperatures may be

significantly lower than the actual temperatures as a result of input

parameters used for the calculations. These parameters would have only a

minor impact on temperatures where the sleeve exits the pressurizer shell or

at locations within the pressurizer shell itself. The ambient temperatures

assumed (90 and 120F) are now believed to be significantly lower than actual

temperatures and the insulation geometries assumed may have been incorrect.

ABB-CE believes that re-analysis using more appropriate input parameters would

result in increases in calculated temperatures to 400F or more which is close

to the range where high temperature cracking mechanisms are operative. This

calculation could be benchmarked by temperature measurements on a sleeve

during operations. ABB-CE recommends this course of action to resolve this

low temperature cracking issue.

8.6 CRACK AGE

The cracks in Calvert Cliffs-1 sleeve FF-1 are probably relatively old; that

is they may have initiated early in plant life and slowly propagated until

they reached throughwall during the last cycle of operation. This conclusion

was based on the amounts of predominantly Fe deposits on the fracture

surfaces, which obscured the crack features, and which were significantly

thicker than normally present on Alloy 600 cracks. The fracture surface

oxides, as measured by Auger sputtering, were approximately 10 times thicker

at the crack mouth than at the crack tip, indicating that the part of the

cracks near the ID were significantly older than at the tip. Further, the

grain facets appeared worn and rounded at the crack mouth and as opposed to

sharp and distinct at the tip. All of this points toward older, slowly

propagating cracks.

Reference 17 breaks the cracking phenomena down into two parts-initiation and

propagation. The initiation time is much more dependent on yield strength of
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the material than is propagation. Evaluation of pressurizer nozzle cracking

data indicates that initiation time approaches zero for high yield strength

material. The sleeve FF-1 material was high strength and the cold work from

reaming and reamer removal would have further increased the yield strength.

The available Alloy 600 cracking data then support an early in plant life

initiation.

Once cracks propagated to a depth where stresses resulting from reaming were

diminished crack propagation would be driven only by operating stresses which

are relatively low. At operating stress levels, cracks extending 25%

throughwall have K, values near the reported threshold for crack growth and

crack propagation would be slow and could take years to go throughwall.

All of the above indicates that the cracks are old and have been in the sleeve

FF-1 since early in plant life.
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Section 9

FINDINGS/CONCLUSIONS

The destructive examination of pressurizer heater sleeve FF-1 from the Calvert

Cliffs-1 pressurizer resulted in the following findings and or conclusions:

1. Leakage from heater sleeve FF-I resulted-from three axially

oriented intergranular stress corrosion cracks located

approximately one inch below the pressurizer shell.

2. Part throughwall circumferential intergranular stress corrosion

cracks, extending up to 150' of the circumference, were also

present below the pressurizer. These cracks extended downward for

approximately 5 inches to the region just above the threaded

collar near the sleeve bottom.

3. There were no indications of cracks in the part of the sleeve that

was in the pressurizer. The portion of sleeve FF-1 was probably

below the region where cracks were obscured in Calvert Cliffs-2.

4. The stresses that caused the cracking probably resulted from

damage caused by a reamer that became stuck during post-

installation reaming of the sleeve. Bulging of the sleeve,

gouges, scrapes, scratches, etc.,and mechanical forces applied to

the reamer to remove it likely produced hoop and axial residual

stresses.
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5. The sleeve material microstructure, hardness and degree of

sensitization were consistent with what was reported for the

leaking CC-2 sleeves. This heat of material has the

characteristics of Alloy 600 susceptible to PWSCC as well as

caustic SCC.

6. Contaminants (specifically sulfur) known to cause IGSCC of Alloy

600 and chemical conditions (alkaline environments) known to cause

IGSCC were indicated by the microchemical analysis of the fracture

surface. Their involvement, if any, in sleeve FF-1 crack

initiation and propagation, is not clear.

7. Based on the material characteristics, defect characteristics,

prior experience with Alloy 600 cracking, we consider PWSCC as the

most probable cracking mechanism. Contaminants and alkaline

conditions, however, may have contributed to crack initiation and

crack propagation.
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Section 10

SUGGESTED FUTURE ACTIVITIES

Although the stuck reamer is certainly a prerequisite for the observed

cracking, some further investigation of the cracking maybe warranted. The

discussion section discussed those factors which may have had an effect on

sleeve FF-I cracking. In arriving at the conclusions stated in Section 9,

certain assumptions were made because of the lack of data. There are

additional tests and analyses available that could provide bases for the

validation of these assumptions. Validating these assumptions is important

with respect to the significant circumferential cracking observed in sleeve

FF-1. As noted elsewhere in the report, most of the cracking that has

occurred in Alloy 600 penetrations has been axial and thus relatively

insignificant with respect to challenging plant safety. Circumferential

cracking, because of the potential for guillotine failures has greater safety

significance. The following additional activities are suggested to better

understand the sleeve FF-1 cracking.

10.1 RESIDUAL STRESS MEASUREMENTS/ANALYSES

The removal of the stuck reamer is postulated as the source of the axial

stresses which initiated the circumferential cracks. A two inch section

of the sleeve is available and could be used for residual stress

measurements. Although cicumferential cracks exist in the section there

may be axial grooves and other areas which could be suitable for x-ray

diffraction stress measurements. Given that radioactive crud may be

trapped in the cracks, decontamination to a free release state could be

difficult.

An alternate approach would be to build mockups, and use oversize

reamers in an effort to duplicate the FF-1 geometry and conditions and
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then perform residual stress measurements using x-ray diffraction on the

drilled hole techniques.

10.2 TEMPERATURE IN THE AREA OF CRACKING

A CEOG Report (5) indicated that the temperature just above the threaded

locking bar could be as low as 90 - 120*F. This temperature is so low

that primary water stress corrosion cracking could occur if aided by

contaminants, significant cold-work of the material or high tensile

stresses.

Informal conversation with CE experts indicates that assumptions on

ambient temperatures were too low for the Reference 5 analysis and could

have significant impact on the calculated temperatures. BG&E personnel

indicated that the original insulation configuration covered the locking

bar location. BG&E personnel also indicated measurements of the

temperature of the heater sleeve outside of the insulation during hot

standby was 206F. This temperature was measured with an insulation

configuration that would be expected to cause the measurement location

to be cooler than what the temperatures were historically. This would

significantly increase temperatures on the I.D. of the sleeve. As.a

minimum, the thermal analysis for the sleeve could be re-done using

Calvert Cliffs-1 specific estimates of ambient temperature beneath the

pressurizer and the specific insulation configurations in use before

1990 and after 1990.

In addition, the low temperature cracking phenomena could be
investigated. This would entail review of available literature and

laboratory testing in hydrogenated water at temperatures of 150OF to

4500F. Constant extension rate testing using Alloy 600 typical of that

used at Calvert Cliffs-1 might be the appropriate method to evaluate the

low temperature phenomena.
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10.3 CHEMISTRY EFFECTS

The analysis of auger and x-ray photoelectron spectroscopy data

indicated that the chemical composition of the crack surface oxides in

sleeve FF-1 differed significantly from the Calvert Cliffs-2 heater

sleeves. The cause of the differences could be evaluated by review of

plant records to determine if events in the plant's history contributed

to the observed chemistry. The significance of the difference relative

to crack initiation and propagation could be evaluated, also.
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Titanium 4.9
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Iron 3.2
Nickel 24.1
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Element Concentration
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Boron 3.4
Carbon 24.1
oxyqen 15.7
sulfur 1.2
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Iron 3.9
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Iron 5.2
Nickel 31.7
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I---- r--- F- I- r- - F-,- [:- -- 1- -.- r-- I-- I--- [777 7 ~ 7 ~ [7 T fT V*- C-7 F-- F r [77 U-

Date: 3/25/1994 Spots 300 u

Discs ABB CE sY of Scans: 4

CC_I (CIRC DEFECT)PT 1 CRACK MOUTH

a.

z
I

U
.4

U
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U

N
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*.

z

I
U j.
N Nj
L4
I I
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N

l.,.... .. ..........

1000. 0 800. 0 600. 0
Binding Energy

400. 0
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200. 0 0. 0

SURFACE SCIENCE WESTERN



F-'-- I- - I--- [--- (7- (717 V r FF- I-- r-, [r --- F [U, f 1 I T7 f 7

Dates 3/25/1994 Spot, 300 u

# of Scanst 4Disc: ABE CE

CC_- (CJRC DEFECT)PT I CRACK MOUTH
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a
u
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a
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L
u

251. 0 200. B 150. 6
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100. 4
(aV)

50. 2 0. 0
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r -," I- I -- or-- r- re.... F-- Vff7 C,7 V - F U I 7 V V [77 -- -I F FT t7 FT FT

Filet ABB-94J1A Dates 3/25/1994

Disc: ABB CE

Spots 300 u

# of Scanst 3

SCN:

Resolutiont 4

APEFture: None

. _d . A_ _ _. .__ . . ..

Descriptions CC_1(CJRC OEFECT)PT
N12P

I CRACK MOUTH Operators NSM

*__,_____*_II - - ---.. .-- -t
.
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... I ;

r- ".f

4 J.. .

a... ...
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.. ............... "I

I. L..
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Binding EnQrgy (QV)

SURFACE SCIENCE WESTERN
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F.

Fi~le ABB-64-1B Date: 3/25/1994 Spotl 600 u SCN: Ap6Fture:None

Discs ABB CE # of Scans: 6 Resolution: 4

DescrJption: CC_1(CJRC DEFECT)PT I CRACK MOUTH Operator: NSM
PB REGJONN12P

1000

i4iZ

3

a I

165.0 157.0 149.0 141. 0 133.0 125.0
Binding Energy (eV)
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File: ABB94JJ2 OatQ: 3/25/1994 Spot: 300 u SCN: APEFture:None

Disc: ABB CE # of Scanst 6 Resolutiont 4 _

Description: CCI (CIRC DEFECT)PT 2 MID CRACK Operatort NSM
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c

aA
Li U

tpiL X
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D m j

___ II I
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Files AB6-94-J2 Dates 3/25/1994 Spots 300 u SCNt ApfFture:None

Discs ABB CE # of Scanst6 Resolutions 4 _

Description: CC_1(CIRC DEFECT)PT 2 MID CRACK Operator: NSM

5D000'' ~ - , _ ,

_.. ... ..... - I_ |I*_ ___ 1__ ._._ __ _ _ _ _ _ _ _ _ _ _
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F Ia: ABB-94J2A Date: 3/25/1994

Disct ABB CE

Spot: 300 u

# of Scans: 4

SCN:

Resolution, 4

APEFture: None

Operators NSMDescri pti ons CC_1 (CIRC
N12P

DEFECT)PT 2 MID CRACK

-______-.- 
~---Y--. - - -- t
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., % 1, .,1i!,
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4
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. . ....
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I a 0
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(77 (777C- [*.77 [77 r77 r7 - F-- F-- v*7 [- r77 _7 iT77 (777 [7- (77 [7 r77 rr (77

Dates 3/25/1994

Disc: ABB CE

Spots 300 u

1/ of Scans: 6

4 DUCTILE REGCCI(CIRC DEFECT)PT

ma.
N
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a
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a
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N
L
u a.

N
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N N Z
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1000. 0 800. 0 600. 0
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[7, --- 1- [--7- r- [7 r [- [7 [7- [ [_ [I - - i - i--_ t -_ r -. . 1 _

Dates 3/25/1994 Spots 300 u

# of Scanss 6Disc: ABB CE

CC_1(CIRC DEFECT)PT 4 DUCTILE REG

(to
4)

a
Li

251.0 200. 8 150.6
Binding Energy

100. 4
(eV)

50.2 0. 0

SURFACE SCIENCE WESTERN
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Binding EnQrgy (QV)
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row [-= [r [- 7 r- 17- [- Re- [-7- 7-- (n [7- m7-. [-- [- - I7-- ---- [7- 1--

Fi]es ABB 94JJ6 Dates 3/25/1994 Spots 300 u SCNi AffFture:None

Discs ABB CE A' of Scans: 6 Resolutions 4

Descr-ptiont CC_1(CJRC DEFECT)PT I AFTER 2 MJN SP Operators NSM

20000

m
IL
N(U
z

. Z4

ta

. IL

Pi -A

0 1 U.L

IL I

1000. 0 800. 0 600. 0
Binding Energy

400. 0
(eV)

200. 0 0. 0
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[77 FT [-7 r77 F- F [77 (7 I-7 [77F F r(--- F- F 7 - F- f.---. F-7. F---- F-- F- F- I-

Dates 3/25/1994 ISpots 300 u

IDiscs ABB CE |# of Scanas 2

CC...(CJRC DEFECT)OUCTILE SLIGHT SP

Q0.

z
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0
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z

N
L
U

I
'.4

a

a
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U

1300. 0 600. 0 600. 0
Binding Energy

400. 0
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Filet ABB_94-09 DatQe 3/25/1994 Spots 800 u SCNtAfFturetNome

__DJsct ABB CE # of Scanst3 Resolutions 4 _

Description: CC1 (CIRC DEFECT)POINT 5 (lP) Operator: NSM

20000
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1000.0 800. 0 600. 0
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400. 0
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APPENDIX B

REJECTION NOTICE RN3899 & RN3899-02,
REPORT OF INSPECTION #D10008 & #D10009 AND

CE SHOP TRAVELER W-94712-006 REV. 0 DOCUMENTATION
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