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SUMMARY

Scope: This routine, announced inspection at the licensee's laboratory in New
Nill, North Carolina, concerned the evalution of cracks in the Insert and
Withdraw lines of Unit 2 Control Rod Drives.

Results: No violations or deviations were identi'ieJ.
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REPORT DETAILS

'1. Persons Contacted

Licensee Employees

*W. Biggs, Principal Engineer, Site Engineering Suppor+
*R. Bicck, Corporate Project Engineer, Metallurgy
*R. Hanford, Principal Engineer, Metallurgy
*C Osman, Principal NDE Specialist - Level III
*D. Sullivan, Supervisor, Corporate Metallurgy Unit
*J. Wood, Senicr Engineer, Corporate Metallurgy Unit

Other Organizations

T. Giannuzzi, Structural Engineering Integrity Associates

* Attended Exit Interview
,

2. Exit Interview

The inspection scope and findings were summarized on April 8,1988, with
those persons listed in paragraph 1 above. The licensee did not identify
as proprietary any of the material provided to or reviewed by the
inspectors during this inspection.

3. Licensee Action on Previous Enforcement i;atters

This subject was not addressed in the inspection.

4. Unresolved Items

Unresolved items were not identified during this inspection.

5. Cracking in Control Rod Drive F3chanism (CRDM) Insert and Withdrawal
Piping (Unit 2)

a. Background

On March 19, 1988, while performing refueling / maintenance outage
Reactor Pressure Vessels (RPV) hydrostatic test, small leaks (less
than one drop per minute were found in two CRDM withdrawal lines.
While preparing to repair these two lines, leaks in three additional
lines (two insert and one withdrawal) were identified. The CRDM
insert and withdrawal liner enter the drywell in four separate
hundles at 65*, 115', 245 and 295 azimuths. All of the above leaks
were in the 245' bundle, associated with brown / black rust type
deposits, and located near bends inside the drywell within six feet
of the drywell wall. The defective sections of the five lines were

-
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removed and replacement piping installed. Three of the removed
sections were forwarded to the licensee's lab in New Hill, North
Carolina for analysis. The licensee's investigation revealed that
the pinhole leaks were caused by Transgranular Stress Corrosion
Cracking (TGSCC). In all cases, the cracking was associated with F.he
brown / black deposits. The licensee expanded its inspection program
to locate all discolored areas and investigate these areas for
cracks.

b. On April 8, 1983., the inspectors met with licensee and contractor
personnel identified in paragraph 1 at the licensee's Shearon Harris
Energy and Environmental Center laboratory in New Hill to:

observe metallurgical samples and review metallurgical analyses;-

review both the work in progress to identify the contaminant (s)-

(brown / black rust), and the equipment being used;

discuss with the licensee their results to date; and-

discuss with the licensee their planned additional actions.-

In addition to infonnation obtained through previous telephone
conferences and from the licensee's summary for the inspection, the
following summarizes information obtained through discussions with
the licensee and from examinations of the CRDM pipe segments:

(1) Status of Licensee's Investigations

At the start of the meeting, the inspectors were informed that:
all CRDM piping in Unit 2 had been visually inspected for

, indications of corrosion; all pipe that exhibited discolorations;

|
had been visually tested with a fluorescent liquid penetrant;
all pipe that exhibited cracking had been cut out and replaced;
other flawed pipe had been analyzed per procedures stated in
Section XI of the ASME Boiler and Pressure Vessel Code and had
been determined to be acceptable for continued operation; all
corrective actions had been completed; and plans were being made
to restart Unit 2 on April 14, 1988. The inspectors were also
given an unofficial summary of the CRDM pipe cracking
investigation as of April 7, 1988. With the licensee's
permission, this summary is incorporated into this Inspection
Report as Attachment 1.

(2) Visual Inspection

The inspectors visually examined the three flawed pipe being
tested by the licensee's materials laboratory. Discolored
splotches, with and without accompanying brownish-black
residues, were scattered around the pipes but usually within a
foot of a bend. Most of the discolored regions on the single

i
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remaining uncut. pipe appeared to be on an eight-inch span I
between two bends and predominantly on one side. Small (_,1/8 -|r inch) splotches of_ white paint were also scattered on the same ;

side of the uncut pipe. The inside surface of the pipes were |

discolored where through-wall cracking had occurred. Small pits>

,

. occurred in most of the discolored regions; however, visible
longitudinal cracks were- observed in both discolored and
non-discolored regions.

.

,

(3) Chemical Analysis<

The inspectors discussed with the licensee the chemical analysis I
being performed, the equipment used to perfonn the analyses, and i

plans for additional analyses. Spectra obtained by analyzing'
,

the residues from the discolored areas of the flawed pipe with a j

scanning electron microscope had yielded t. semi-quantitative ;

analysis of the residue. - The following elements had been |
identified: |

t

Major - fron, chioride, chromium, silica'

Lesser - aluminum, calcium, nickel, titanium, sulfur

Attempts to establish the chemical structure of the residue by |
x-ray diffraction had not been successful because of j
insufficient amounts of solid samples. !

!

The licensee was considering using Auger Electron Spectroscopy
to analyze, in situ, the discoloring material that could not be
physically separated from the base metal.'

. ,

!
|(4) Metallurgical Analysis

The inspectors reviewed the metallurgical work performed by the
licensee. A number of cross sections had been taken through i

cracks in two of the three pipes which had been removed from the |
plant and furnished to the laboratory. The inspectors reviewed*
photomicrographs of the cracks as well as observed other cracks
under a microscope. Cracks were typical TGSCC indicative of,

.hloride stress corrosion cracking. In addition, the inspectors

visually and microscopically examined corrosion indications,
deposits, paint spots, and cracks on the surface of the pipes.

j In the vicinity of the deposits the surface was generally,

corroded and pitted and linear cracks were distributed randomly.
The cracks were predominantly longitudinal, but in some cases, j

diagonal on the pipe. The longest crack identified by the i
;

; licensee was approximately 2". The paint spots were sms11,
; generally less than 1/8" in diameter, and appeared to have been

present before corrosion had begun, because corrosion appeared
:j to have occurred around the paint.

.
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(5) Inspection Activities

After the original leaks were found, the licensee implemented a
special fluorescent liquid penetrant (PT) procedure to' detect
leaks and cracks. The penetrant turned red when reacting with a
liquid thus signifying the presence of leaks or through-wall
defects. If no leaks were detected, a nonnal PT test was
completed for the presence of non-through-wall defects.
Indications appeared orange under a black light. The licensee's
PT procedure was revised to include this special technique, and
Level II qualified PT examiners were trained on the special
technique by the use of cracked CRDM piping that had been
removed from the plant. After removal of the first five tubes
(see Paragraph 5.a above), PT inspection was performed on a six
foot section of all remaining tubes (insert and withdrawal)
extending from the coupling at the drywell wall inward towerd
the RPV. In addition, the full length of all tubes was visually
inspected for rust deposits. As a result of the inspections,
short sections of 15 tubes (including the original five tubes)
were cut out and replaced. Twelve were at azimuth 245' and
three at azimuth 115*. In addition, five tubes were accepted
with PT indications based on ASME Section XI criteria. IWB-3600
flaw stability calculations were used. Two tubes had
longitudinal linear (1/2" and 3/4") indications. One had a 3/8"
diagonal indication, which was treated as a circumferential
indication for calculation purposes. The other two tubes had
rounded indications.

(6)- Additional Planned Actions

(a) Unit 2
The licensee plans to continue analyzing the deposits on
the tubes to try to identify the exact compounds. In
addition, oil used in plant snubbers and the insulation
used near the affected tubes will be analyzed for leachable
chlorides.

(b) Unit 1

j. The licensee plans to perform an inspection on Unit 1I

i piping at the next refueling outage during planned
hydrostatic testing. In addition, the piping will be
inspected for presence of the brownish deposits the next
time the unit is in cold shutdewn and an outage of
sufficient length is available. The licensee's decision
not to inspect Unit I at this time was based on the
following factors:

t

i

|

|
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Expected slower crack growth rate (or possibly no-

crack occurrence at all) based on lower drywell
temperature than in Unit 2

Shorter time since startup than for Unit 2
.

The licensee also pointed out that consequcnces. of the
failures of CRDM lines had been analyzed in the FSAR
(Paragraph 4.6.2).

(7) Possible Cause of Degradation

Based on discussions with the licensee and review of
Attachment 1, the following points can be made relative to the
cause of the pipe degradation:

No other General Electric plant has identified degradation-

of CRDM pipes

The CRDM pipe had Laen pickled in nitric-hydrofluoric acids-

prior to installation.

The CRDM pipe were not metal clean, i.e., they were coated-

with a slightly oily / dusty film.

CRDM lines are located under a grating; however, only the-

sections of the grating above the two pipe clusters with
flaws provided ready access for personnel traffic and

,

possible contamination due to such traffic.

The CRDM pipes were installed with varying slopes and,-

thereby, different configurations for deposition of
contaminants.'

Rust streaks were observed on structural beams in the area-

of tha CRDM pipe indicating the presence of moisture in the
area.

Oil from snubbers had dripped in the area of the CRD pipe.-

This region of the plant was painted in 1975, during-

construction, and 1.1 1977, during the first refueling
outage. (Some paint splotches overlay corroded portions of
the pipe).

'

The drywell is normally inerted with nitrogen, with an-
.

allowable upper limit of four percent of oxygen.

No apparent mechanism for concentrating chloride or sulfur-

species on the outer surfaces of the CRD pipe has been
identified or postulated.

.- . _ _. _ _
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(8) Findings

The licensee had visually inspected the integrity of the-

*CRDM pipe to the degree permitted by the confines of the
CROM penetration area.

,

All runs of pipe that had been determined, by visual and-
*

penetrant testing, to contain indications that could become
leaks had been cut out and replaced.

.

The flawed pipes had been degraded from pitting and-

transgranular stress corrosion cracking. These failures
were probably induced by the presence of chloride ions.
The source of chloride contaminants and the initiating .

'

corrosion mechanism had not been established; however, the
degradation may have begun before Unit 2 became i
operational,

.

The licensee employed state-of-the-art metallurgical and [-

chemical technology to investigate the pipe cracking.

The licensee's investigation and corrective actions are-

considered sufficient to allcw the Unit to restart.
i

Attachment: 1

Licensee Investigation Summary ;

:
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,

Unit-2 CRD Pipe Cracking Investigation (updated 4-7-88).
.

:

1. Chronology

A chronology of inspections and repairs-is attached.

11. Scope of the Problem

The corrosion problem has been identified as transgranular stress corrosion
'

cracking by the CP&L materials lab. The indication of the problem observed in
Unit 2 is a brownish deposit. (See atta'ched photos of affected tubes at 245 r

degreesazimuth.) Chloride has been identified in the brownish deposits and .

is considered to be the initie. tor of the proble:n.

The corrosion was identified in the vicinity of bends near the drywell wall at
azimuths 245 and 115 degrees. The locations of all deposits were within ;

approximately six feet of the socket weld which connects each pipe to its i

drywell penetration. A complete walkdown of all CR0 piping (all azimuths: 65,
115, 245, and 295 degrees) from the drywell penetration to the CRDs (by i

looking in thru the biological shield window) has confirmed that the brownish i3
deposits do not exist in any other locations. !,

.

! III. Cause ;

f.3 !

The CRD piping is 1 inch and 3/4 inch Avtr. schedulc 80, type 304 stainless
steel. The requirements for transgranular stress corrosion cracking in non- |
sensitized austenitic stainless steel include oxygenated atmosphere, ;

' temper 6ture above 104-122 degrees, chloride containment, and material :

stress. (See attached "Assessment of Crack Growth Due to Chloride St ess !

Corrosion Cracking", by SI A.) !
:

The chloride contamination has been measured in the brownish deposits. !

Residual stresses exist in the material as a result of fabrication. The other i
requirements exist in Unit' 2 drywell during operation. The source of the
chloride contamination is not known. However, based on examination of

,

portions of the piping studied by the CP&L materials lab, it is considered
that the cracks have developed slowly and may predate initial start-up.t

(Reference discussions with CP&L metallurgist Jim Woods and SI A metallurgist
Tony Giarnuzzi.) Two possible sources which are being investigated are:
tools used to form the piping; and debris which may have fallen through the 33u

foot grating onto the piping.'

.

I
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Attached are sketches showing the locations of all defects located by PT exam
(af ter cleaning of the brownish deposits). Note that all defects are within .

twelve inches of a bend, which probably would have been in the area worked by
the bending tools. This scenario does not explain why some bends do not have

! defects (all bends closer to the reactor vessel were found to be free of the
brownish deposits). However, per discussion with Pete Foscolo (Brown and Root
Construction manager at the time), most bends were made in the Reactor

; Controls Inc. shop; those that needed field change were bent in the field. It

is possible that field fit-up was performed by making limited fields rew;rk on
! the drywell wall .cnd, when required. If this scenario is correct, then it is

possible that a contaminated tool or bending lubricant could have affected a
,

'

limited number of bends at the location observed. The scenario of debris i

falling on the affected piping is supported by a common feature of the 115 and
245 degrees azimuta locations but not seen at 65 or 295 degrees azimuth. (See
attached copies of photos.) The 115 and 245 azimuth locations have clear
grating above the affected areas. (The 65 and 295 degree azimuths are covered
by SRVs, main steam piping, and feedwater piping.) Thus, the 115 and 245
degree azimuth areas are more likely candidates for debris to have been'

,

spilled, or simply carried in by foot traffic (especially during construction,
before dress-out was required). Although an elemental analysis of the
contaminants on the surfaces of the tubes, as well as the brownish deposits,
has been performed, the materials lab has not yet been able to identify a
specific compound with the chloride contamination.

Corrective Action for Unit 2 |

; All affected areas have been cleaned. Fluorescent PT exam has been performed

'

of all affected areas (i.e., within approximately six feet of the drywell wall,

at the 115 and 245 degree azimuths). All defects have been evaluated, and
,

i defects not accepted per guidance of ASME section XI have been removed by ,

replacement of the affected section of piping. See attacned cross-section'

views of piping arrays at 115 and 245 degree azimuths for extent of corrective;
!,

action.
i

Plans / Implications for Unit 1__
IAlthough no detailed waikdown of Unit 1 CRD piping has previously beeni

performed, we can state that no leakage from CRD piping has been observed. ;

(Note that Brunswick recently received an NRC violation for not inspecting CRD
: piping during plant hydrosiatic testing and has written an EER to justify

'continued operation based on no indication of significant leakage during last"

hydro. This inspection of Unit 2 CRD tubes during the vessel hydro was the
first performed at Brunswick.) |

Although we cannot say that the same contamination has not occured in Unit 1,
'

we can say that transgranalar stress corrosion cracking would be progressing
i at a much slower rate, if at all. In addition, because start-up of Unit 1

followed Unit 2 start-up by approximately 1.5 years, the consequences would be
lagging still further behind. ,

;

j +

,
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The expected slower crack grcwth rate (or possibic no crack occurence at all)
is based on the differences in drywell temperature. The attached graphs from
Patel Engineers Report PEl-TR-83-4-32 show .that point number seven (located at
the approximate elevation of the pipino defects) has averaged approximately:

120 degrees in Unit 2 but only 95 degrees in Unit 1. (These averages were
calculated for all days since start-up of each unit through February 1984.)
Per discussion with Tony Giannuzzi of SIA, this difference in temperature
could cause a reduction in TGSCC crack growth rate by a factor of 2-to-3.

,

(Since the local temperatures may vary slightly, and the graphs indicate >

average temperatures, we cannot conclude that TGSCC would not occur although
it has not been reported below 95 degrees in non-sensitized austenitic ,

stainless steel.)

Because of the shorter time since start-up and the expected slower crack
growth rate (if cracking occurs at all at the temperatures seen in Unit 1
drywell), we see no need to inspect Unit 1 at this time.Instead, we plan to
perform inspections at the next refueling outage during planned hydrostatic
testing. In addition, the Unit 1 CRD piping will be inspected for evidence of
the brownish deposits the next time the unit is cccled dean ;nd the drywell is
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Attcch;Ont A

Assessment of Crack Growth Due to Chloride
Stress Corrosion Cracking

Several of the Type 304 stainless steel control rod drive insert

and withdrawal tubes which were observed to be leaking following

the March 20, 1988, ASME Section XI system hydrostatic test at

Brunswick Unit 2 were examined following removal from the

drywell. Three 3/4-inch Schedule 80 withdrawal tubes were sent
to the Sharon Harris Energy and Environmental Center where

nondestructive and destructive metallurgical examinations were

performed on the tubes to ascertain the cause of cracking.

_
Metallurgical samples were -prepared from two of the tubes and

energy dispersive x-ray examination was performed on the surface

deposits present on the tubes. The semi-quantitative x-ray

analysis confirmed the presence of significant levels of chloride

on the tube surface in the deposits. The metallography revealed

substantial numbers of short branched transgranular cracks

typical of chloride stress corrosion cracking. Longitudinal,

diagonal and transverse cracks were detected visually and

confirmed by metallurgical examination. The longest longitudinal

crack observed was approximately 2 inches in length, with the

longest transverse crack 7/8" in length. Several cracks had

penetrated through the wall in the samples examined. However,

the majority of the cracks were observed to be part-wall, with CD
surface length less than one inch.

The presence of short transgranular stress corrosion cracking
(TGSCC) in aqueous environments containing chlorides has been
observed often in austenitic stainless steel components. It is

generally accepted that oxygen is a necessary contributor to
chloride stress corrosion cracking and that temperature and

stress are significant accelerants. The threshold temperature

for TGSCC in chlorides for nonsensitized austenitic stainless

2

.
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Ctcolo 10 of tho ord0r of 40 to 50*C (104 to 12 2* F) at high

chloride concentrations (50 ppm to 1800 ppm) (1, 2). Sensitized

austenitic stainless steel has been observed to suffer from

intergranular stress corrosion cracking (IGSCC) in the presence

of chlorides at or below room temperature.

The m6an cracking time for TGSCC of Type 304 stainless steel in

chloride environments is a strong function of temperature for a

fixed chloride level. For example, in tests conducted in a 100

ppm chloride environment at 60, 80 and 100*C (140, 176, and

212 * F) , the mean cracking times were 3800, 600 and 160 hours,

respectively (1). Figure 1, taken from Reference 1, illustrates

the effect of temperature and concentration on the stress

corrosion cracking susceptibility of Type 304 stainless steel in

chlorides. One notes that although cracking is observed at 40'C,
the concentration of chloride required for cracking is extremely

5 high (1800 ppm). Other investigators, examining the TGSCC

susceptibility of mill annealed Type 304 stainless steel in 110'F
water containing 100 ppm chloride, saw no TGSCC during the test

period (3). These investigators did observe stress corrosion

cracking of this material in 100 ppm chlorides when tested at

200*F.

Surface finish also plays a role on TGSCC in chloride

environments particularly at lower temperatures (of the order of

200* F) (4). Surface abrasion and surface pickling tend to

accelerate stress corrosion cracking in chloride environments.

Cracking appears to occur more rapidly in pickled or abraded

| samples than in electropolished samples (4). The abrading

appears to provide the tensile residual stress and cold work

which can accelerate crack initiation whereas the pickling

produces intergranular attack which can act as a crevice

concentrating the chloride bearing colution.
.

At Brunswick Unit 2, the design temperature for the control rod

! drive insert and withdrawal tubes is 150'F, and the normal

3
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drywall tctporcturo ov0rtg c 120* F. Thio tccporaturo io near tho

threshold for TGSCC in aqueous chloride environments. Whereas
'

TGSCC has been observed in the laboratory at temperatures as low

as 40'C, (104*F), the concentration of chlorides necessary for

cracking has been observed to be extremely high (1800 ppm).

At 50*C (12 2 * F) , cracking has been reported in the literature at

50 ppm chlorides and at 60*C (14 0* F) , chloride stress corrosion
cracking has been reported at chloride levels of 100 ppm. Based

upon these data, high levels of chloride must have existed on the

OD surface of the insert and withdrawal tubes for chloride stress

corrosion to have occurred. High cM Jride bearing deposits were

observed on the tubes in the vicinity of the TGSCC and stains

(which appeared to be etched into the surface) were also present

in the vicinity of the cracks. No TGSCC was observed when the

deposits and stains were absent. This result is consistent with

the laboratory data and suggests that some contamination of the

tubes had occurred either prior to or during service. Since no

apparent concentration mechanism (such as alternate wetting or

drying due to boiling) is present at this location, a

contamination mechanism is the most likely cause of the chloride

cracking.

Investigation of drywell temperature records at Brunswick Units 1
*

and 2 revealed that from plant startup through February, 1984,

the average temperature at the location of the CRD tube bundles

was 95*F in Unit 1 and 120*F in Unit 2. Based upon the
'

laboratory and field data described above regarding TGSCC

cracking in chlorides, the tubes in Unit 2 were near or slightly

above the threshold temperature for chloride stress corrosion

cracking ( ~ 100* F) , while the CRD tubes in Unit 1 may be at or

slightly below the TGSCC threshold for annealed type 304

stainless steel. This difference in drywell temperature

translates to a dif ference in f ailure time of a f actor of two or ,

I more, based upon an activation energy extrapolation of the 60*C,
80*C and 100*C temperature data described above [1].

,
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Several investigators have examined the chloride induced TGSCC

crack growth rates or pit growth rates of Type 304 stainless

steel in aqueous solutions at temperatures ranging from 90*F to

212*F (5-10). Although significant scatter exists in the data,

the growth rates range from 20 to 120 mils per year, with the

higher rates observed at higher temperatures. These data provide

confirmation that the stable cracks observed in the five defected
tubes accepted by analysis for an additional cycle will remain

stable through the next operating cycle at Brunswick Unit 2.
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Figure 1. Effect of temperature on the time to cracking of
Type 304 stainless steel exposed to water with
chloride adjusted to provide the same rate of
chloride concentration at three temperatures.
U-bends from 16-gauge stock. (Warren 1)
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