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ABSTRACT

This report descrlbes the results of a metallurglcal |nvest|gat|on of ‘the crackmg of reducer sectlons
" that were part of Loop B and 'C steam’ generator feedwater pipes at the Surry No. 1 Nuclear

" Generating Station of the Virginia Electric and -Power Company. The cracks were dlscovered
during ultrasonic and radlographlc nondestructlve examinations. The metallurglcal evaluations
-included chemrstry determlnatlons tensﬂe testlng, ‘impact. testlng, metallography, _and fractography

‘Tests showed that the material met the chemustry and strength spemfncatlon reqmrements The
ductile- bnttle transition temperature for the materlal was near 25°F WIth typlcal Charpy |mpact
values at operatmg temperature on the order of 190 ft lb Many cracks were found near the

: nozzle-to reducer joint-in a machlned and tapered sectron These. cracks generally started from
machmlng grooves and progressed to varlous depths in the reducers The |argest ‘crack -in the’
Loop B reducer measured 0.080 mches wh|Ie the crack" depth in the Loop C reducer reached
0.070 mches Metallographlc and fractographlc observations suggest ‘that crackmg ‘was |n|t|ally
caused by general corrosion at stress concentrations; W|th subsequent crack growth most I|ker
caused by -corrosion fatlgue
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SECTION 1 -

- INTRODUCTION

-This report descnbes metallurglcal |nvest|gat|ons to determme the nature and cause of cracklng

in the steam generator feedwater lines in ‘the Surry No. 1 Nuclear Generatmg Station of the
Virginia Electric and Power Company. The cracks were found during a nondestructive examination
of pipe sections near the nozzle-to- -pipe joint where. similar cracks were detected in other. nuclear
power plants. The Surry No. 1 Statlon is a three-loop plant W|th a generatlng capacity of 822

"MWe. It went |nto commermal serv1ce in 1972.

The- feedwater lines A, B and C connect to the steam generator nozzle via a 16- |nch drameter
reducer. The piping is made of Schedule 80 ASTM A106. Gr B steel, and the nozzle is construc-

A ted from A105 steel

Of the three cracked reducers recelved for |nvest|gat|on the one from- Loop A was too radloactlve'
to be handled in conventuonal shops and Iaboratorles and was therefore not used in this investiga--
tion. The Loop C reducer was cut too close to the defectlve area, so that some cracked sectlons
were mlssmg However other areas on the reducer were useful so that’ a partlal evaluatlon ‘was

possnble
The main emphasis of the examination was then .centered on L'oop B and included the following tasks:

L Surface and metallographlc exammatlon of varlous sectlons contalnmg
" pits or cracks :

(I Mlcrostructural characterlzatlon studles by light optlc and thln fonl
electron m|croscopy techmques

n Fractographlc examlnatlons of the fracture faces of the cracks
eom 'Chemlcal analy5|s of the base materlal and of the deposnts

mn Mechamcal property tests

.Th@;;results of these tasks are presented in the foIIowmg sections.
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~ SECTION 2.
 EXAMINATIONS AND. TESTS

2-1.  SURFACE AND METALLOGRAPHIC EXAMINATIONS OF SECTIONS
' CONTAINING PITS AND CRACKS

~ Prior to cutting various. specimens for metallurgrcal tests,”»all"three reducers were's'u_bjected to a
nondestructive examination to determine the Iocation and degree of cracking ‘This examination
_I'was done at the Westinghouse Waltz Mill facility usmg ultrasonic technlques on the cut perlphery i
" surface near the. nozzle -to-pipe joint. Cracks were reported to be present in all three loops..
Looking down from the nozzle towards the reducer and measured clockwise - from the- top of the
" reducer at the nozzle end (0°), cracks were found at locations between - 15° and 30° and -

" between 90° and 120° in Reducer A, and between 75° and 180° in Reducer B. Crack

positions in.Reducer. C Were between 330° and 15°, between 45° and 20°, and between 210 and
315° locations.. The examination indicated. that the cracks were not runmng continuous around :
the periphery of the reducer but varied. in depth and shape Cut sections’ from crack Iocatlons ‘
' showed: the deepest cracks are located at the- ”knee of a machlned tapered sectIOn below the
“weld. These deepest cracks’ measured 0.080 inches in depth at 121° in Reducer B and 0.070in.
in depth at- position 108° in Reducer C. Smaller cracks were found along the tapered section.
iThe profile of the most pronounced cracked. sectlons of Reducer B at 121° and 64° posmons '
' together with- the msrde d|ameter surface appearance at the crack area is shown in flgUfeS 2- 1
~and -2-2. Other cross sect|ons of cracked areas |n Reducers B and C are shown in flgures 2 3 -

to 2-5. ' ST '

22.  METALLOGRAPHY
2-3. '_ Morphology and Dlstr|but|on of Cracks |

Samples containing the Iargest cracks in -Reducers B and C were further evaluated by metallo- o
graphy. Details of these cracks are shown in flgures 26 to 2- 12. Most cracks tend to initiate
at stress concentrations such as machmlng grooves. <




24, Mlcrostructural Characterlzatlon Studles
1) L|ght Mlcroscopy |

. Light microscopy was conducted to study the size, morphology and
. distribution of ferrite and pearlite phases. Figure 2-13 illustrates the -
~ ‘typical light micrographs and shows the distribution of pro eutect0|d .
- . ferrite and pearlite phases wnth some -banding of pearlite |n the major
. working direction. :

2) Fine Structure Studies by Thin Foil. EIectron ‘Microscopy'

The fine structure of the ferrlte and pearllte phases was studled by: th|n

" foil transmission electron microscopy. Figures 2-14-and 2- 15 iliustrate the
substructures within ferrite and pearllte phases, respectively. No abnormal.
features are seen. The interlath spacmg of pearllte IamaeIIe is estlmated

' to be approxnmately 020 mlcrons ‘ : . .

25 FRACTOGRAPHY |
26, Scanmng Electron Mlcroscope (SEM) Fractography

o Sectlons contammg some deep cracks (at 64 ‘in’ Reducer B. and 108 in 'R'educer C) were cut
: and opened in the Iaboratory The appearance of the crack surface from Reducer B before and .
-, 'after cleanlng with an eIectrolytlc squtlon is shown |n flgures 2-16 and of. Reducer Cin the
.. as- recelved condition in figure 2-17. The cIeaned surface of Reducer B is shown at higher magm-
. fication in flgure 2-18. Both the as-recelved and’ cleaned crack surfaces were further examlned
in detail. Fractographlc features observed on the as- recelved surface of the ‘crack in Reducer B .
. _: are shown in figures 2-19 and 2-20, and' those in Reducer C in flgure 2-21, Typlcal fractographs
of the cleaned surface (oxrde removed) are shown in fngures 2 22 to 2- 28

_ 2-7. ' Transmlssmn Electron Repllca Mlcroscopy (TEM)

‘Transmlssmn eleCtron replica exammatlons were carned out on 'one Red'ucer B ‘cracked surface
- in order to flnd any lndlcatlons of metal fatngue These |nd|catlons would be in the form of -
-strlatlons left behind an advancing crack growing. by the applrcat|on of an alternatlng stress.. For

" this purpose two-stage cellulose acetate- carbon repllcas shadowed with platlnum ¢arbon were [

prepared from an opened and cleaned fracture surface at the 64° locatlon The shadowed carbon '

. repllcas were examined with the transmission electron. mlcroscope which allows for a better ‘

resolution of fracture details at high magmflcatlons Representatrve fractographs are shown |n
figures 2-29 and 2- 30 ‘The results. are not conclusive.’ Although some fracture patches resembling
' -fatlgue striations were noted, it could not be concluswely shown that these were not produced

_ by the fracture of the peariite colonies, and hence are not structure rel_a_ted}




2-8. ” CHEMICAL ANALYSIS
29 ‘Base Metal

-A sample of the Loop B reducer was subm|tted for a chemlcal anaIysrs to verify that the material
composrtlon met the ASTM A106 Gr. B chemlcal requwements The results are shown in the

" table 2-1.

, TABLE 2-1

~ CHEMICAL ANALYSIS OF LOOP B REDUCER SAMPLE
: _ Elements, Wt %
c M osio. s P
" Reducer B - 025 | 1.03 017 | 0013 | 0.006
“ASTM A106 Gr.B |- -~ | | - o [ |t
Requirement . 0.3 max| 0.29-1.06 0.10 min| ' 0.058 max|- 0.048 max
- 2-10. Cor'rosion Deposits on Crack:Surface:- -

© The corrosion deposns shown in flgure 231 were analyzed using energy dlsperswe x-rays. The
" . output of the semlquantltatlve analysis . aIso shown in this flgure lndrcates that besrde |ron oxlde
~.the deposits contamed measurable quantutles of sulfur and copper ' '

211, MECHANICAL PROPERTY TESTS
212, Tensile Tests

'; Spemmen blanks removed from Iocatlon 12 and representmg the Iong axis’ of Reducer B were’
' machlned into 0.250-inch round tensne spemmens havmg a 1 -inch-gage sectlon Two spemmens
each were tested at 75° and 440 F. The results are shown in table 2- 2

 TABLE 2.2
TENSILE PROPERTIES OF REDUCER B |

* Test - © . 0.2% Offset _ Ultimate. - - | % Elongation " % Red. of |-
Temp., °F Yield Strength, ps| Tensile Strength, psi |n 1 Inch Area
95 |0 aog0 | esee0 . | 369 ¢ | 715

75 41,410 : ' 66,160 .~ 36.8 70.8

440 ‘ 31,310 . 61,620 . 326 70.8

440 © 31,820 .. 63,130 , 322 68.2
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213 Charpy Impact Tests

Ten Charpy impact: spemmen bIanks were cut from Reducer B Iocatlon 121 , in such a way
B that the notch plane in the Charpy specnmens would correspond to the crack plane: of the field

- fracture. Machined specimens were then tested at various temperatures to determine the duct||e- )

" brittle behavuor of the steel The- results are shown |n fugure 232

: 24
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Cleaned ID surface at crack Mag. 2.5x

Figure 2-1. Cross Section and Inside Diameter Surface Appearance of R‘educer B
Near the Nozzle-to-Pipe Joint at 121°. Note machining grooves and
heavy pitting at crack.
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{(cleaned)

Figure 2-2.

Inside Diameter Surface and Cross Section of Reducer B
Near Crack Location 64 Degrees
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Figure 2-6. Location and Shape of Cracks at:Various Locations in-Reducer C (Mag. 2x)




Unetched
Figure 2-6.

e
Mag. 200x Etched (2% Nital) Mag. 200x

Metallographic Section Containing the Longest Crack at 121° in
Reducer B. Lower photographs are details of the crack tip.
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Unetched Mag. 50x Etched (2% Nital) Mag. 50x

Unetched Mag. 200x Etched Mag. 200x

Figure 2-7. Section at 121° Showing Location and Shape of
Smaller Cracks Near Weld in Reducer B’
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Unetc_hed

Figure 2-8.
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Mag. 500x Etched Mag. 500x

Section at 121° Showing .Details of Smaller Cracks in
Reducer B Near the Nozzle-to-Weld Joint
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Figure 2-9. Metallographic. Cross Section of Reducer C Showing Severa
Small Cracks and the Deepest Crack (at 108°) :
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Mag. 200x

Figure 2-10. Details of One of the Cracks Shown in Figure 29
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15,801-12

Mag. 500x

Figure 2-12.  Surface Oxidation .and Small Oxide Protrusions
' Found in Reducer B, Section 108 Degrees
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Light Optic Micrographs Showing the Size and Di

Pearlite Phases. (Reducer Material, Loop B!

Figure 2-13.
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Mag. 12,000x

1-108°G1

Figure 2-14. Th|n Foil Transmission Electron Micrographs of the Reducer Material (Loop B)
Showing the Fine Structure in Ferrlte Grains



6L-C

Figure 2-15. Thin Foil Transmission Electron Micrographs of the Reducer (Loop B) Material
~ Showing the Fine Structure and Interlath Spacing of the Pearlite Phase

Mag. 12,000x
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} Service crack

Laboratory fracture

},Service crack

b Laboratory fracture

After cleaning

Figure 2-16. Appearance of Crack Surface at 64° in Reducer B
Before and After Cleaning
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Appearance of Crack Surface at 108° in Reducer C Before Cleaning

Figure 2-17.



> Field crack

Lab.
¢ Fracture

8L-108'Gl

Figure 2-18. Crack Surface at 64 Degrees After Cleaning, Reducer B
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Mag. 100bx

B

Figure 2-19. ~ Fractographs Showing the Oxidized and Corroded Surface
of Crack at 64 Degrees in Reducer B
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15,801-20

Mag. 2000x

Fractographic Features of Opened Crack at 64 Degrees Near
Crack Tip in Reducer B. Upper photograph shows cleavage
fracture produced in laboratory when the crack was
opened. Note the crystalline nature of -oxide.

Figure 2-20.
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*| Laboratory
‘Fracture

r- Corroded surface

2

Figure 2-21. Fractographs Showing-the Oxidized and Corroded Surface
of Crack at 108 Degrees in Reducer C -
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. Figure 2-22.

Fractographic Features of Cleaned Crack Surface at
64 Degrees for Reducer B
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Mag. 1000x

Figure 2-23. Topographic Features of Crack Surface at 64 Degrees,
‘Reducer B, Showing Clusters of Holes Caused by
Corrosion Deoxidized by Electrolytic Cleaning
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15,801-24

Mag. 2000x

Flgure 2-24. Fractographs Showing the Corroded Nature of the
Fracture Surface at 64 Degrees, Reducer B,
Surface Deoxidized by Cleaning




15,801-25 '

Mag. 2000x -

Figure 2-25. Fractographs of Reducer B Crack at 64 Degrees Showing
a Partially Intergranular Nature of the Fracture; Deoxidized Surface
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Figure 2-26. Fractographs Showing the Corroded Nature of the
' Crack Surface at 108 Degrees for Reducer C
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1 Clearage
FO.verI.oadA
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» Crack surface

Figure 2-27. Additional Fractographic Features Seen on Crack
Surface at 108 Degrees in Reducer C




Figu re 2-28.

Fractographic Features Seen at the Crack-Overload Area

Transition. Fracture of pearlite islands is clearly visible.
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15,801-29

b) Overload fracture produced' : Mag. 2850x
in laboratory

Figure 2-29. TEM Fractographs Showing Topographic Features of. Crack
(a) and Overload (b) Fracture Surfaces in Reducer B at 64 Degrees. -
Fractograph a) depicts the corroded surface of the crack with.
markings produced by the fracture of pearlite colonies, while b)
shows a typical brittle cleavage fracture produced at low temper-
ature in the laboratories during opening of the crack

2-33




15,801-30 S

Mag. 27,000x

Figure 2-30. Fractographic Features on Reducer B Crack Surface A
Resembling Fatigue Striations.
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Figure 2-31. Crack Deposité Analy'zed, and Output Charts of Energy
Dispersive X-rays
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SECTION 3
- DISCUSSION

An examination of the chemical composit:iOn and strength properties of the Loop B reducer
showed that the material comformed to the ASTM A106 Gr. B speclflcatlon No m|crostructural
abnormalities contributing to cracking were found ‘The material can be conSIdered as notch -
msensmve having Charpy |mpact values of about 190 ft lb at room and operatlng temperature
and a ductile- brlttle transmon temperature of about 25° F :

Vrsual and m|croscop|c examination of the |ns|de surfaces of Reducer B and C sectlons near the '.

. -nozzle-to-pipe joint revealed several cracks and -pits (figures 2-1 to 2-5). The cracks tended to

“initiate from machlnmg grooves or gnndlng marks below the "knee of a reduced section. A _
plece containing the Iargest crack in Reducer B (flgure 2- 1) showed severe, contmuous p|tt|ng S
-_along the crack. This crack when opened,’ measured 0.080 mches and was. located 121° away o
from the top (0° ) position. The deepest crack in Reducer C measured 0070 inches and was
Iocated at 108°. SmaIIer cracks were found at other locat|ons in’ the reduced sections of both
‘pipes. The cracks ran along the circumference’ of the pipes and grew ' in a relatlvely stralght
.manner from the 1D surface towards the ob surface (flgures 26 to.2-11) with very Ilttle branch
ing. The. cracks were transgranular |n nature and were not influenced by the banded micro-
structure The walls of the cracks were: severly oxrdlzed Bulgmg and narrowmg of the ox1de .
‘ anng the crack path (flgures 2-5 and 2-9) suggest a crack -arrest and growth mechamsm A few .
beach marks seen in flgure 2- 16 further_ point to an ‘intermittant growth mechamsm Some of
the oxidation was in the form of intrusions rather than cracks (flgures 2-8 and 2 12). The relatlve-
ly stralght nature of cracking in the radlal d|rect|on suggests that aqueous corrosion was assisted -
by stress. Opened cracks showed a dark corrosion product on the surface. Higher magnlflcatlon ‘
: fractographs showed the product to be mostly crystalline (flgure 2- 21),. presumably Fez0y4. Thls
oxide is more voluminous than the parent metal and could exert an addltlonal stress. for crack
: propagatlon The cracking process appearsto be relatlvely slow and perhaps self- I|m|t|ng

- Although electron replica fractography indicated some reglons of fracture surface resemblmg

‘fatigue striations, it could not be concluswely shown that these were not the result of
* fracture of pearllte colonles and hence’ are not structure related. It is also recognized however,
that any substantial evidence of fatigue striations could have been lost by the presence of

31 ..




 corrosion. The character of the cracks fourid in the Sufry reducers is similar to those seen
".in other cratked feedivater pipés (notably the D.C. Cook Unit 1 and Palisades plants{1:2])
where fatigiie striations were clearly seéef on the fracture faces. Based on the evidence noted
above and the similarity of the character of Surfy cracks to those of the Cook and Palisades
cracks, it is believed that the cracking in the Surry pipes is most likely caused by corrosion
fatigue. . ' ‘ ' ‘ '




SECTION 4
‘CONCLUSIONS -

The cause of cracking in the feedwater line reducers of Loop B and Loop C at the Surry No. 1
Station appears to be a combination of -aqueous corrosion and corrosion fatigue. Contributing
to crack initiation were a sharp geometrical discontinuity, machlnmg, and grlndmg marks.

The material met the chemistry and strength requnrements of ASTM A106 Gr. B spemfncatnon.
Microstructural - studles |nd|cated no abnormalities in the fine structure.
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