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I A mretallurgical investigation of in-service shell cracking in

Indian Point.3 Nuclear Powier Plant (IP3-NPP) steam generator 32 was

performed. The investigation was carried out on a 6-inch diameter

I coupon removed from the upper shell-transition cone girth weld which

contained several cracks. In addition to the sustained cracks, the

coupon contained a discontinuity that extended completely through the

wall thickness.

I The program of investigation included fluorescent magnetic-

* particle, ultrasonic and radiographic examination followed by in-depth

fractographic and netallographic examination, chemical and energy

dispersive X-ray analyses, and mechanical and fracture toughness testing

of shell and girth weld material.

Investigation showed the steam generator shell cracking to

have initiated from the inner surface and to be associated with fine

pits.. The rrcde of cracking was found to be transgranular and,

considering the association with pitting corrosion and manner of

I penetration, characteristic of corrosion enhanced progressive cracking-

I: "corrosion fatigue.
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Fracture toughness testing revealed the upper shell,

transition cone and weld deposit materials all to exhibit high toughness

I indicating a substantial tolerance for crack extension before final

3 rupture.

3 The girth weld heat-affected zone hardness was considered

inordinately high at Rockwell C 39 to 41 and, in our opinion, was

U indicative of less-than-satisfactory stress relief heat treatment.

The through-wall thickness discontinuity in the girth weld,

3 which leaked in service, appeared to be the result of the propagation

of one or more cracks in a vertical plane with respect to the vertical

I axis of the generator. Propagation of the crack to the outer surface of

3 the shell allowed high pressure steam/water environmrent to escape and to

erode the shell material along the crack front producing a vertically

*oriented, elongated hole on the outer surface.

I Based upon the nature and extent of cracking as represented in

3 the girth weld coupon, it appears that cracking is attributable

primarily to high residual stresses and normal cyclic stresses incurred

during operation and nucleated at sites of mild corrosion pitting attack

of the weld and adjacent shell material. The role of residual stress in

I crack nucleation is difficult to assess, however, high residual tensile

I: stresses would be detrmental with respect to initiation of cracks. It
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is generally accepted that once nucleated, crack propagation is governed

by the magnitude of the cyclic stress range when maximum stresses are

below the yield point. Further, the rate of crack propagation is

significantly influenced by the environment.
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II. - 'ITDUCIION

A 6-in. diameter coupon removed from steam generator 32,

1P3-NPP was submitted to Lucius Pitkin, Inc. for iretallurgical

investigation. The generator was manufactured by Westinghouse Electric

Corporation and had approximately three years of effective full power

I operation fram 1976 to 1982 when a leak was detected at a girth weld.

IThe nuclear steam electric generating unit is a 3025 NWT PWR

system incorporating four Westinghouse Series 44 vertical U-tube steam

generators. The secondary side of the steam generators operate at

I approximately 755 psig and 515 F at full load.

We were advi sed that the shell of steam generator 32 had

3 sustained a leak in the circumferential or girth weld joining the upper

shell to the transition cone. Subsequent non-destructive examination

I revealed the presence of numerous, generally circumferentially and a few

vertically and obliquely oriented cracks on the inner surface in and

about the weld. The inner surface of the shell in the area of the girth

3 weld also exhibited nunerous fine corrosion pits. Similar inner surface

cracks and pitting were also observed in the area of the same girth weld

I in the other three steam generators.
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The through-wall thickness leak had manifested itself on the

outer surface in the form of an elongated hole measuring approximately

1 3/16 inch wide by 5/8 inch long. It was from the area containing the

3 discontinuity and associated inner surface cracks that the 6-in.

diameter coupon was removed. The coupon was removed by drilling a series

5 of overlapping holes around a 6-in. diame~ter circumference with the

discontinuity at the center. The location of the steam generator shell

I girth weld from which the coupon was taken is shown in Fig. 1.
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III. SHELL GIRT WEED COUPON

A. Visual Examination

I The 6-in. dianmter shell girth weld coupon, Figs. 2 to 4,

forwarded to Lucius Pitkin, Inc. presented a relatively clean appearance

free of any significant corrosion product on the inner or outer surface.

3 The inner surface exhibited nume~rous fine, oxide-filled corrosion pits

and several cracks generally oriented circumferentally, as shown in

Figs. 5 and 6. The through-thickness elongated hole had its long axis

3 parallel to the vertical axis of the steam generator. The periphery of

the hole, as seen in Fig. 7, was smrooth as would occur from erosion by

I escaping steam. A fine, 1/2-in, long vertical crack extended from the

lower end of the elongated hole. No other cracks were present on the

outer surface.

B. Mvagnetic-Particle Examination

The drill hole ridges present on the periphery of the coupon

were uniformly ground to provide a smoroth surface for nondestructive

3 examination. The ground coupon was subjected to fluorescent

magnetic-particle inspection. Nume~rous crack indications were found on

I the inner surface, three of which intersected the periphery of the

- coupon. Figs. 8 and 8A show the indications observed under ultraviolet
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light. Fluorescent mragnetic-particle examination of the outer surface

revealed a fine, vertically oriented crack emanating from the lower end

I of the through-thickness discontinuity. No other indications were

observed on the outer surface. Fig. 9 and 9A show the crack indication

observed under ultraviolet light on the outer surface of the girth weld

I coupon.

IC. Radiographic Examination

Radiographic examinations of the coupon using a Cobalt 60

1' source, at a source to film distance of 15 in., revealed the inner

surface cracks to have propagated to varying depths. Further, it

I appeared that one and possibly two of the inner surface cracks had

intersected the through-wall discontinuity.

D. Ultrasonic Examination

I The coupon was ultrasonically examined using 1 MHz and 2-1/4

Miz normal and shear wave transducers over all surfaces. Results of the

ultrasonic examination confirmed that several of the inner surface

cracks had attained a significant depth and that at least two of the

cracks near the inner surface were associated with the through-thickness

I discontinuity.
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Fig. 10 is a sketch showing the results of the various

non-destructive examinations performed on the coupon.

E. Deep-Etch Examination

I *.Bef ore deep-etch examination, in order to maintain orientation

with respect to the vertical axis of the steam generator, the coupon was

I stamrped so that the shell was at zero degrees (vertically up) and the

I transition cone at 180 degrees (vertically down).

Light etching of the periphery of the coupon revealed the

presence of a major weld repair at the root or inner surface of the

I circumferential weld. The weld repair, which was about 1-1/2 in. deep

by 2 in. wide, was confined to the transition cone and extended across

the diameter of the coupon. Figs. 11 through 14 are photcznacrographs

I showing the periphery of the lightly etched coupon at 90-degree
intervals. One of the the inner surface cracks which had extended into

I the periphery of the coupon is shown in Fig. 15.

The coupon was cross-sectioned diametrically in a vertical1 direction; that is, 0 to 180 degrees with respect to the axis of the

steam generator. The mating cut surfaces were ground and lightly etched

I to reveal the general macrostructure of the girth weld and the depth of

- the intersected inner surface cracks. It was observed that cracking
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j occurred in the repair weld in the transition cone and in the upper

shell base material. The mating etched diametrical cross-section

3 surfaces are shown in Figs. 16 and 17, respectively.

I One of the coupon halves was retained for preparation of

j J-integral fracture toughness and fatigue tests; the other half was

sectioned approximately 5/8 in. from and parallel to the previous

3 diametrical cut so as to include the elongated hole on the outer

surface. This longitudinal cross-section was ground flat and lightly

etched.

Examination of the etched cross-section revealed the presence

I of a sorre-what irregular crack that extended fran the toe of the inner

surface repair weld into -the crown weld at approximately mid-wall where

it then joined an eroded area approximately 3/8 in. wide along the line

j of fusion between weld deposit and upper shell. This is shown in Fig.

18.

The etched cross-section, shown in Fig. 18, was re-ground an

additional 0.060 in. so as to further assess the extent of cracking and

3 nature of the through-wall discontinuity. It was observed that the

crack emanating f ran the inner surface and the through-wall thickness

j discontinuity contained deposits of what appeared to be oxide, metallic

copper and a fibrous, wood-like material. Web were advised that the
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j fibrous material was the remnants of a wood plug inserted into the hole

by plant personnel after the unit was placed in cold shutdown. No

I evidence of charring or coking was associated with the wood-like

material. Fig. 19 is a photomacrograph showing the ground surface.
Figs. 20 through 23 are color photographs showing the longitudinal

section containing the through-thickness discontinuity.

IF. Composition

Qualitative spectrographic and quantitative chemical analyses

3 of drillings taken from the upper shell, transition cone, crown weld and

repair weld of the submitted coupon. The analyses revealed the upper

I shell and transition cone base me~tal t o be similar in comnposition, both

corresponding to a modified ASNE SA 302B material.

j Analyses further revealed the crown and repair welds also to

be similar in composition, with the crown weld exhibiting a somewhat

I higher carbon content than the repair weld. The crown and repair weld

1 were similar in composition to E8018-C3 nickel steel electrode
(SFA-5.5).

Complete results of the analyses performed are given in Tables

I I and II.



L Luci us Pitkin

G. Mechanical Properties

11. Brinell Hardness

I Brinell hardness surveys were perforffed on a ground

I longitudinal cross-section of the steam generator coupon. The surveys

show~ed the upper shell and transition cone base materials to exhibit a

uniform hardness of Brinell 190 to 200. The crown weld exhibited a

uniform Brinell hardness of 210 to 230. The repair weld exhibited a

K uniform hardness of Brinell 190 to 200. A survey of the heat-affected

3 zone between the upper shell/crowqn weld, transition cone/crowqn weld and

the transition cone/repair weld showed the heat-affected zones to be

significantly harde r at Brinell 240 to 255.

ULocation and results of the Brinell hardness surveys are

shown in Fig. 24.

2. Microhardness

I A microhardness survey using a Knoop indentor at 500 gram

3 load was performrd on longitudinal specimens containing the crown

weld/upper shell and crown weld/transition cone heat-affected zones.

These specintens were taken to include the outer surface at the weld



I Lucius Pitkin
Inc o'r po r a te d

-12-

toes. A third specimen was taken from the repair weld/transition cone

near the inner surface.

Results of the Knoop microhardness survey shwd the

heat-affected zone in the three areas to be inordinately high at KHN 390

to 425. This converts to Rockwell C 39 to 42. The high hardness

exhibited by the girth weld heat-affected zone is indicative of

I insufficient stress relief which would also imply the presence of

residual stresses (see Fig. 25).

In order to assess the temiperature of stress relief heat

treatment, specimrens from, the upper she ll/crown weld and transition

I cone/crowqn weld cut from locations similar to where the microhardness

survey specimens were obtained, were heat treated at 1000 and 1100 F for

1 hour each. The results of microhardness survey on this re-heat

3 treated material showed heat-affected zone hardness to be reduced to

Rockwell C 30 to 32 after exposure at 1000 F and to Ro~ckwell C 28 to 29

I after exposure at 1100 F. The results of these heat treatmrent tests

indicate that the subject girth weld had been stress relieved at a

temperature of less than 1000 F in the areas where the hardness

3 rmeasurements were made.

I Location and results of the ricrohardness surveys are

shown in Fig. 25. The heat-affected zone microstructure for the
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as-received coupon specimen ,1000 F and 1100 F laboratory heat-treated

coupon specimens are shown in Figs. 25A, 25B and 25C.

13. Tensile Test

A sub-size, 0.357-in. diameter tensile specimen was

prepared from the upper shell generator material in the

I through-thickness direction. (This test direction usually shows lower

5 properties with respect to the standard longitudinal direction.)

Results of the tensile test shown below indicate the

material to mreet the longitudinal tensile requirements for SA 302, Grade

I B material..
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SA 302 Grade B Uppr Shell

I Ultimate tensile

3strength, psi 80,000-100,000 86,300

Yield strength,

0.2% offset 50,000 min. 67,000

Elongation, %

in 2.0 in. 18 21.0*

*1.4 in. gage length

4. Charpy Imrpact Tests

Standard Charpy V-notch specimens were prepared from the

upper shell, transition cone, crown weld, repair weld, heat-affected

I zone between the upper shell/crown weld and heat-affected zone between

transition cone/crown weld material. Specimen lengths were oriented

parallel to the vertical axis of the steam generator; the V-notch was

oriented circumferentially facing the inner surface side of the

generator shell so as to reflect the orientation of observed crack

* growth.
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All the Charpy V-notch spc an ere tested at 76 F and

exhibited relatively high absorbed energies ranging from 60 to 111 ft-lb

I as is characteristic of tough materials.

Complete results of the Charpy impact tests are given in

I Table III.

I 5. J-Integral Fracture Toughness Te sting

J-integral tests were conducted in order to ascertain the

elastic-plastic fracture characteristic of the shell material of the

steam generator. Values for J (in-lb/in 2), the corresponding value of

I K (ksi Fin.), and the crack extension A a (in.) were determined using

the single specimen unloading compliance technique in accordance with

AST[Y Standard E: 813-81. Sub-size, compact tension specimens were

machined from the upper shell, crown weld, repair weld and cone regions

of the coupon.

Results of the J-integral tests are presented in Table

IV. The, values obtained are not valid J IC/KC results. Invalid

II Ji/KiC results were-due to large differences between the total

crack extension mreasured by the unloading conpliance technique and the

Iactual crack extension measured after heat tinting. Nevertheless, for

all specimrens tested, except CWlJ, a significant amount of crack
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extension and high values (greater than 170 ksi Fn)of fracture

toughness were mreasured. Specimren CW1J from the crown weld/repair weld

I interface, exhibited only a small amount of crack extension, as caompared

to the other specimrens, prior to final failure. However, CW1j did reach

a J value of 1087 in-lb/in 2(a maximrum K of 180 ksi fi-h.) indicating

relatively good toughness.

There was same irregularity noted in the pre-cracking

I preparation of specimren CW1j which indicated the probable presence of

residual stresses. A residual stress field may also have contributed to

a less tough behavior of this specimren as carpared to the other

specimens.

I Specimens f ran the upper shell were tested at roan

temperature and at 500 F. The J values mreasured at these temperatures

were comparable (997 in-lb/in 2@ roan temperature and 1156 in-lb/in 2

@ 500 F), however, the specirmen tested at 500 F exhibited a lower

resistance to tearing.

In general, all the materials tested exhibited high

levels of fracture toughness and indicate a high tolerance for a

significant amount of crack extension before final rupture.
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6. Fatigue Tests

Fatigue specimrens are presently being prepared fo r

testing in the steam generator secondary water environnet. Results are

not yet available at this time the report was prepared.

H. Fractographic Examination

The test coupon was cut so as to intercept the weld and base

I metal cracks. Forced separation of a crack revealed the fracture

surface to be generally smooth in appearance and to contain a thumbnail-

size zone with radially oriented ridges and faint beach-like markings

I originating from a pit at the inner surface as is characteristic of

progressive cracking. Fig. 26 is a close-up photograph showing the

crack surface at the origin site at the inner surface of the coupon.

Scanning electr on microscopy at the origin site of the crack

surface shown in Fig. 26 revealed the presence of a corrosion product

and confinred the pitting corrosion attack at the origin site. Fig. 27

is a scanning electron micrograph of the origin site. The presence of

corrosion products on the crack surface precluded the observance of

striation lines. At higher magnification, the presence of discrete

crystals of iron oxide was, observed. These crystals are shamn in Fig.

28.
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IFurther examination by scanning elect ron microscopyr of the

fracture surface below the origin revealed in addition to the presence

I of corrosion product that the fracture surface was somrewhat radially

ridged from the origin suggesting the fracture to be the result of

progressive or fatigue cracking. The corroded fracture surface and

radial ridges that emanated frarn the origin is shown in Fig. 29.

I Extensive cleaning of the fracture surface removed some of the

oxide corrosion product. However, striation lines were not found (and

would not be expected to be found, although the attempt made, because of

the corrosion that occurred). The cleaned fracture surface is shown in

Fig. 30.

All of the other crack surfaces examined, whether through base

metal or weld deposit, exhibited similar characteristics.

I. Fracture Surface Analysis

Energy dispersive X-ray analysis (EDAX) was performed on

fracture surface areas of opened-up cracks. The EDAX spectum obtained

Ifrom weld and base mtal cracks showed ene rgy peaks for aluminum,

manganese, iron, nickel, copper and zinc. The iron, manganese and

nickel are attributable to the base metal. The presence of copper,

aluminum and zinc is attributable to carry-over f ran copper alloy
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ccxrponents in the secondary system. Fig. 31 is a photograph showing a

typical EDAX spectrum obtained.

(Previously, LPI had performed Auger analysis on fracture

I surface area of a crack in a boat saurple removed from the same girth

weld of steam generator 32 (see our Report 1+-6785, T.R. 7154 dated June

24, 1982). This analysis revealed the elements silicon, sulfur,

chlorine, carbon, nitrogen, oxygen, iron, copper and sodium.)

IJ. Mtallographic Examination

Several inicrospecimens were cut from the coupon so as to

intersect the inner surface cracks that extended through weld and base

metal.

3 In the as-polished, unetched condition, whether in weld or

base metal, no unusual quantities of non-metallic inclusions were

observed. Several, fine secondary cracks were observed emanating from

pits at the inner surface. These cracks were generally corrosion fil led

Iand relativel y straight as is characteristic of corrosion enhanced

3progressive cracking in the nature of fatigue. Without exception, all

of the cracks had initiated on the inner surface of the coupon.



I Lucius Pitkin
inc or po ra te d

-20-

Etching of the specimens revealed that the cracking through-

the heat-affected zone arnd base material was transgranular and slightly

I branching. Fig. 32 is a photcxnicrograph showing one of the typical

*progressive or fatigue cracks initiated near the toe of the repair weld

propagating into the transition cone base material. Figs. 33 through 36

are photomicrographs, at higher magnification, showing the progression

of the cracks from the inner surface near the toe of the repair weld

I into the transition cone base mretal. It was also observed that the

cracks contained a significant quantity of mretallic copper.

Similarly, Figs. 37 through 39 are photom-icrographs at high

magnification showing the penetration of fine, oxide-filled cracks

I penetrating from pits at the inner surface of the transition cone base

mretal adjacent to the repair weld. Examination revealed the presenc e of

fine pits on the inner surface near the heat-affected zone which were

3 free of any cracks as shown in Fig. 39A.

I Examination of the weld heat-affected zones, both crown and

repair, revealed the heat-affected zone microstructure to consist of

coarse, lightly temp~ered martensite as illustrated in Figs. 40 and 41.

In order to better evaluate the nature of the through-wall

I discontinuity, as shown in Fig. 41, specimrens were cut fron the etched

macrostructure perpendicular to the discontinuity at five different wall
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depth levels. These specimens were prepared for metallographic

examination.

Examination of the specimens revealed the through-wall

discontinuity (evidenced on the outer surface) to have been a vertically

oriented crack which had progressed from a horizontal crack at the inner

surface through the entire wall thickness. The location of this crack

I with respect to the through-wall discontinuity is shown in Figs. 43 and

1 44.

Examination of the five specimens (A through E) intersecting

the through-wall discontinuity did not reveal the presence of any

I associated slag, porosity or other weld defects. No evidence of carbon

depletion as might occur fromn high temperature exposure during stress

relieving was observed. The crack was found to be transgranular as were

all the cracks observed whether through Weld, heat-affected zone or base

metal. The crack was corrosion filled and found to contain significant

Iquantities of metallic copper. Based upon this extensive examination,

it appeared that the through-wall discontinuity was the result of an

initially circumferentially oriented crack which had initiated on the

inner surface and had progressed under cyclic loading. Apparently, in

the area of the repair weld, the crack had turned fromn a horizontal to a

I vertical direction as a result of the influence of residual stresses
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while propagating through the wall thickness. When the crack had

reached the outer surface of the wall, erosion by escaping steam and

I water produced the wide, vertically oriented gap or hole.

Fig. 45 is a photcxicrograph showing the oxide-filled crack

exhibited byspecimren C, shown in Fig. 43. The corrosion-filled crack

also contains particles of copper. Fig. 46 is a photcxicrograph showing

I the heat-affected zone in specinren D, shown in Fig. 44. Fig. 47 is

another photcxnicrograph showing the cracking associated with the

through-wall discontinuity. In all cases, no welding defects of any

* type were observed.
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IIV. DISCUSSION AND CONCLUSIONS

I Metallurgical evaluation of the upper shell-to-transition coneu girth weld identified the mode of cracking to be transgranular and

characteristic of corrosion-enhanced progessive cracking in the nature

of fatigue. All of the cracks examined regardless of location or

orientation, i.e., upper shell, transition cone, crown weld, or repair

I weld, were transgranular, slightly branched and totally or partially

filled with corrosion product and usually initiated from a fine pit on

* the inner surface. Analysis of the deposits within the cracks indicated

the deposits to consist of metal oxides, primarily iron oxide. The

presence of metallic copper was also observed in all the cracks

I examined.

No evidence of weld defects such as slag, porosity, or

decarburization was associated with the through-wall vertically oriented

crack or with any of the cracks which had partially penetrated the

I vessel wall. The absence of decarburization associated with crack

surfaces indicates the high probability that these cracks did not occur

as a result of welding.

The significantly high heat-affected zone hardness (Rockwell C

I 39 to 41) of the crown and repair welds and the lower hardness exhibited

iby heat-affe cted zone specimens after laboratory heat treating (1000 F
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and 1100 F for 1 hr.) implies the presence of commensurately high

residual stresses in the girth weld that had not been relieved by the

post-weld stress-relief heat treatment applied in fabri~cation of the

I joint.

The final vertical orientation of the through-wall crack at

the outer surface as compared to the generally circumferential

I orientation at the inner surface, the sane as the other.girth weld

cracks at the inner surface, is attributable to the crack propagating

into a stress field of different orientation - particularly in the area

of the major repair weld.

I Initiation of the cracks at the inner surface and propagation

into the vessel wall is attributed to high residual tensile stresses and

normal cyclic service stresses aggravated by a small amount of pitting

corrosion. The contribution of residual stresses in crack nucleation

could not be quantified from the metallographic studies. However,

I initiation and changing of crack-direction during propagation would be

influenced by residual stress fields.

The fatigue crack growth rate is enhanced by corrosion when

cyclic stresses are high and frequency of loading is low. The

I significant amount of mretallic copper associated with the cracks

corroborates the cyclic loading to be of low frequency, as the
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deposition of the copper deep within the cracks occurs over a long

period of time.

I With respect to the fracture toughness of the girth weld

materials, it is evident that the vessel is capable of satisfying a

"leak-before-break" criterion. That is, the critical crack size at the

operating stress levels is greater than the wall thickness of the vessel

I so that failure occurs by crack penetration through the wall and the

vessel leaks (as was the case for Steam Generator 32). Ultimately,

continued operation with a through-wall1 crack that continues to grow

could result in rupture of the vessel.
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TABLE I
* SPECTROGRAPHIC ESTIMATES

I Report No. M-6855 Date October 18, 1982
-The following is our analysis of 2 sample(s) 4qc as indicated below

IBY QUANITATIVE CHhlCA AN QAITATIVE SBTO~PI

I Specified
SA 302 Upper Transition
Grade B Shell Cone

Carbon, % 0.25 max. 0.24 0.23

Manganese 1.07 1.48 1.39

-Phosphorous 0.035 max. 0.011 0.012

ISulfur 0.040 mrax. 0.019 0.015

Silicon 0.13-0.45 0.25 0.27

Mo1'lybdenum 0.41-0.64 0.51 0.49

Nickel 0.50 0.11

chrom~ium 0.11 0.11

3Vanadium Not found Nobt found

**Iron major Major

ICopper o.ox low 0.OX low

Auminum 0.Ox low 0.Ox low

Magnesium 0.OOX low o.oox low

Other elenents looked for, but not found:

titanium, zirconium~, zinc, bismuth, lead, tin, LUCIUS PITKIN, INC.
antilmony, gallium, germaniumn, boron, cobalt, colunbium,
tungsten, berylliumi.R1

- NOTE: Major = above 5% estimated. Minor = 1.5% estimated.OX, .OOX, etc. = concentration of the elements estimatedIto the nearest decimal place - e.g. OX = .01-.09% estimated. *= less than. NF =not found.
The numbers in parenthesis indicate the estimated relative concentration of the element among the various samples.
Detectability varies considerably among the elements and also depends upon the amount and nature of the sample,

-ORM104-/83 therefore, "Not Found" or NF means not detected in the particular sample by the technique employed.
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TAB3LE II

* SPECTROGRAPHIC ESTIMATES

Report No. M-6855 Date October 18, 1982
-The following is our analysis of 2 sample(s) 0* as indicated below

BY QUANTITATIVE CHEMICAL AND QUALITATIVE SPECTRDGLRAPHIC
ANALYSES

Specified
SFA 5.5 Crown Repair

(E8018-C3) Weld Weld

Carbon, % 0.12 max. 0.11 0.06

Manganese 0.40-1.25 1.37 0.98

Phosphorous 0.030 max. 0.017 0.014ISulfur 0.030 max. 0.010 0.012

Silicon 0.80 max. 0.27 0.36

Nickel 0.80-1.10 0.64 1.08

Chrmiumn 0. 15 mtax. 0.045 0.050

MoI~lybdenum 0.35 max. 0.42 0.24

Vanadium 0.05 max. *0.01 *0.01

Iron Mvajor Major

Copper 0.OX high 0.OOX high

Alumninum 0.00X 0.OOX

IMagnesium 0.OOX low 0.OOX low

Other eleme~nts looked for, but not found:

titanium, zirconium, zinc, bisrmuth, lead, tin,.
antimony, gallium, germanium, boron, cobalt, LUCIUS PITKIN, INC.
coluibiumn, tungsten, beryllium.

By

U - NOTE: Major = above 5% estimated. Minor = 1.5% estimated.OX. .OOX, etc. =concentration of the elements estimated
mto the nearest decimal place - e.g. OX = .01-.09% estimated. *= less than. NFE not found.

The numbers in parenthesis indicate the estimated relative concentration of the element among the various samples.
Detectability varies considerably among the elements and also depends upon the amount and nature of the sample,
therefore, "Not Found" or NF means not detected in the particular sample by the technique employed.

FORM 104-7/81
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TABLE III

GIRTH- WELD (X)UPON
STEAM GENERAT)R 32

I CE-ARPY V-NO'ICH TEST FESULTS

Specirren Notch Test Energy Lateral Percent
Location Tenp. ,OF Absorbed, ft-lbs. Expansion Shear

ITransition C one 76 79.0 0.063 85
Transition Cone 76 69.0 0.058 80

IUpper Shell 76 77.0 0.067 95
Upper Shell 76 75.0 0.064 95

ICrown Weld 76 60.0 0.051 60

R epair Weld 76 111.0 0.,085 95

E Crown Weld/Cone
* Heat-Affected Zone 76 83.0 0.059 90

Crown Weld/Cone

Heat-Affected Zone 76 74.0 0.059 85I Crown Weld/Upper Shell
Heat-Affected Zone 76 83.0 0.061 95
Crown Weld/Upper Shell

Heat-Affected Zone 76 71.0 0.044 60



I GIMH W CO ~UPON STIEAM GENEPMTOR 32

I SINGLE SPECIMEN J-INTEGRAL TEST DATA SUMMARY

I SP:FEC:IMEN ILI MATERIAL OR E YS UITS TEMP TYPE THICK WIDTH BCO BF LIFLD JQ JMAX KFLD K'O POP VALID

UL2 LSiJ LIPPER SHELL 30. 0 7C) 100 69 *CT 0. 500 0.992 0. 399 0.-321 1414 997 3194 206 173 NO NC'
F'21 LS2_ LIPFPER SHELL 30. 0 70 100 500 CT 0. 500 0.996 0.401 0.327 1244 1156. 2125 .193 186 NC' NO

L F2 RW1 J IWIR WED 30.0 70 100 69 CT 0. 500 0.997 0. 383 0.3s-11 1152 1133 2315 186 184 NO NO'

IL2 CIJ CONE 30.0 70 100 69 CT 0. 500 0.996 0.384 0.341 1237 1231 2326 193 192 NO NO-

LP2 CW1J CROWN WELD 30.0 70 100 71 CT 0. 500O 0.992 0.3283 0.177. 10 .6 ---- 1087 179 -- YES NO

L P2 C:W2, CROWN WELD 30.0 70 100 71 C:T 0.497 0. 994 0.381 0.332 '1135 1308S 2622 185 198 NC' NO'

E - Youngs Modulus, 106 psiI YS - Yield strength, psi.
U'IS - Ultimate tensile strength, psi
Ttnp . - Test temperature, FI T'ype - Comrpact. tension
Thick- Specimen thickness, in.
Width- Specimren width, in.
BC) - Ligament before J testing, in.I BF - Ligament after J testing, in.
J3ThD - Value of J for first load drop, in-lb/sq. in.

JQ - Tentative value for J, in-lb/sq.in.I JMAX - Max. J for specimen, in-lb/sq. in.
KFLD - Stress intensity value at first load drop, ksi VJin.

KQ - Tentative representative value, ksi y"Ji7_
J integral -Tolughness of mraterial at onset of crack extension, in-lb/sq. in,
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Fig. 1 LOCATION OF 6-INCH DIAMETER GIEPH WELD COUP(~ STEAM GENEPALR)R 32
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Fig. 2 GIMH MW a CN.tIFPDM STEM MPJU'JR 32,
AS-r43CF4V.PD CXt4DTICN
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LUCIUS PITKIN, INC.
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I Fig. 3 GIRIR WELD CXXJPCN - INNER SURFPaCE
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- Fig. 4 GIRIH WELD CDUPCZ~ - OU'IER SU1~CE
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LUCIUS PITKIN, INC.,
Fig. 5 INNER SURFACE CPRNCM AND PITS
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LUCIUS PITKIN, INC.

Fig 6 INNER SURFACE CRACKS AND PITS
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LUCIUS PITKIN, I NC.
Fig. 7 rIi XX-'IICKNESS DISQCTINUIT1Y AT OUMIR SURFAE
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Fig. 8 flIIER SURFPJCE CiWXS OBSERVED WItE 1 FUX1~ESC~T
?~~ETIc-PA1~rIcLE UNDER ULTRAVIQLBW LI(~fl~
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Fig. 8A INNER SUPFACE CRACKS AS EVEALED BY FUOR;ESCENT MAGN~ETIC
PARICLE EO2PTNAO
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Fig 94UE UFC.CAKOSRE T 7XPMrQ2CPFCEUDR LRVOE aH
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Fig. 10. NONIDET~jC=I Exx~f~nWION REULTS OF 6-INCA DIPITER
WDUPW FICM UPPER SHELL TOD CONE GI=T WELD - SG32
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Fig. U1 ERIPHE1 OF 6-IN. DIM= aEI- --M-MR
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LUCIUS P11 KIN, INC.

Fig. 1-2 PERIPHE1 OF 6-IN. D)IAMbTER CX)UPCN' - AFTER



10 ID 270 0
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LUCIUS PITKIN, INC.

42ig. -14 PEIMM~R OF -6-IN -MDUd'
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F'IG. 15 PHYI(1~IACa)G1~APH S1U~JING Ct~E OF IIIE INNER SURFACE
CRACKS WHICH HAD DC'Th2~~DED IN'IO J}iE PERII~1EI~ OF HE CcUPC)N
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LUCIUS PIIKIN, INC.

Fig. 16 PHOMM~AOZIMRAPH OF VEI CAI CRCSS-SECMrON AFTIER LIQIT
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LUCIUS PITKIN, INC.

Fig. 17 PHOMMCWGRAH S1THOWI VMMALrcz C40SS-SEriON MATIM
'1 TM~T SHOMq IN FIG.* 16
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LUCIUS PITKIN, INC.

ig. 18 PHCi0t4CR-AP OF VERT'ICAL CROSS-SECTION ADIJ1AQC ANDm
SLIGiTEY THROUGHi UIKXXH-WaL DISCOlNTINUJITY
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Fig. 19 pHO'IDWAC1MRAPH SIMILA~R TO0 THAT~ SII)W I&~ FI. 18 EXCEP'
AFTER ADDITIONAL GRINDING1 OF APPIUMflAWiELY 1/16 INCH
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Fig. 22 p~jVw MSHOWING WO FIBERS AND COPPER WI=I
THPUGH-HICKNESS DISCWI'nUI TM ABOUT~ MID-WL



Lucius Pitkin

Fig. 23 LMIDTCG. 7'~l SHUJING WOOD FIBERS AND COPPR WVITHIN
flflflX THICKNESS DISCCNTTNUTY NEAR OUTER SURFACE



Lucius Pi'tkin
in co r pora t ed

Outer Surface

0 3 Cr~vn Wld 0 7Approxin-ate Tensile
Location BHN strength, psi

01 187 90,000
0Trniin2 187 90,000

UprshlCoe3 197 94,000
4 255 120,000
5 255 120,000
6 229 1,08,000

00O e7 207 99 ' 000
8 217 103,000

69 229 109,000
10 217 103,000
11 229 109,000

1512 241 116,000
00 313 197 94,000

14 187 90,000
0 715 229 108,000

Rear 0 lt16 217 103,000
Wed17 197 94,000

16__ 18 192 92,000

019 197 94,000

Fig. 24 BRiELL HAR= ~SS SURVJEY (3000 KG) VERTICAL CRDSS-SECTION
TIHBOUGH GIRTHI- WELD, S.G. 32



3((50 Wel load)

As~Upe Reeieellve AsReeied100F,1ir.t00F,1nr
1 2 3 (4)o(5

Locatin Hardess Loation ardnes Locato ades Lcto adns oain Hrns

V~~~~~~~~ld~~~Rpi 23WWlW00bled2 PCWl 5PBWl 5P

Loatio Harnes Loatio 37Wnes Loatio 3arnes Hoatio Harnes Loatio Harnes

HAZ 273RC HAZ 33WR HAZ 304WC HAZ 32WR HAZ 29WR

HAZ 36Wr HAZ 37PRC HAZ 39WP
HAZ 29 RC HAZ 35 WC HAZ 34 PC
Base Metal 98 RIB Base Metal 92 PB Base Metal 97 RB Base Metal 96 PB Base Metal 95 PB
Base Metal 97 PB Base Metal 94 PB Base Metal 98 RB Base Metal 95 PB Base Metal 92 PB

Fig.- 25 KNCCP MICRoHAPIDNE~ss SURVEY (CONVERTED 'TO WOCKWEILL) AS-R;ECEIVED AND LABORATORY HEAT-TREATED SPEIMENS



Fig. 2m aw5&sm mm 400 X

ropef" izW thm genemlo --- m:lr

InrtIts. M hmuam of the Imt-afwe non Nm lzewa
lit A C 41-4Q.



1000 F cm N~

iibt t~ Impil -m thAe imil Ifebu am fi

IMAfixmay I -0 l aidit uMI1 a lafift of JbmmI1 C 31-32.



a-so

Fig. 2.w - ld-#PK SM r . - 4001X

-oir the Im~f~
exiie by theavo W1 d]'aftm ofooba' ut tow*'
at 1100 F f au cm .T. I shms bom cowdefs o
ifiaft twom itm± u ~ n fine maUtd andba a bwmw of

2, a1 29Z-29.
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Fig. 26 FRACTURE SURFACE OF OPENED-UP CRACK AT 4 X
INNER SURFACE OF COUPON

Close-up photograph showing the fracture surface of cpened-up
crack which initiated at the inner surface of the steami generator
coupon. it can be seen that the fracture is associated with fine pits
on the inner surface.
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Fig. 27 SCANNIING ELECTIRN MICROAPH 25 X
OF CRACK SURFACE

Scanning electron micrograph showing the corroded fracture
surface of crack which initiated at the inner surface of the steam
generator co~uponi.



Lucius P11kin

Fig. 28 CRACK FRACT3W SLIWAE OCI[ 2500 X

Scuuiing electron miicrograph sdxwirng discrete crystals Of irvn
audds m t an the crack fracture, .,rfa. The prownce of dims iron
cudde crystals is iidicative of the powonce of oxtygen in the eccrary



* Lucius Plithh

Fig. 29 (YKK FWftI SUM=C 25 X

ON siatlaI to tlw~t dwma in Fig. 27, encpt~ aftr~u semiw
Cloniig tor woon I Lo~i adde. It cen be 1m 11idt the fame
ourfm is gmrwafy swooth as is i I < 'bo stico pgme ora

* fat**~ cracking, but no striatims omd be fimd.



Luacius PItkilo

Fhq. 30 ORW2 FIRICNM SURMWZ BEUf IN= aUW 2WO X

-ovi obocr micrgah shwqta wie ommed can
fracture uuwfxc x* odut 1/2 in. fcn tha imor sazr of the
(Xoo3 lifw muwdit rad~ially ridged aperance of the ftrcbm mzfc
irnimt&s the fra~tre to be the result of Ipzewiv cc fatigue



Loicias Pitkin

Fig. 31 -NE DIF6I -MY in.UI

RrwW dispersive X-ray spetnon of the fnwtUr. aurfaCI Of
one of the cap cracks, So eoaru teks of iz I. mu~m and
nxdml are attribite to the boo O'ta1Am XMS le c and zsn
-nm pek are a ttable~ to crry over ffrm O'ef- aly cowbt
in theom ary system.
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Fiq. 32 CRPW IN~ AMM W= -M U 6 X

dmmgi-srqt ubwdg Cm of tim typical ixnwesiw C
fadow cmdm, initiated =Ws the tOO Of 018 =M'r NOW, Wih

FEIPS*Ant* the txansatiAm ct= be mtmaW. ft CM a1M k* SGM
PWa fiw.uciu ary za =~ mp pm t jdd aWr~t fzv fine

pifts in the mairu of the- rqiair weld iNW .



Lucius Pttkmn

rig. 33 COEI-FIlM C%% I TWOU MW 400 X

itmer irfw o rjqk showiMi morosice-fiU3e Caw* initiated filM
Bm ufc f eai ed



* Lqcus: Pikin

Fig. 34 ORVEC FATGE CIPOS IN R VMD so X

IN -IloRK111showing typa1l prgeafiVe or fatigue Cracks
u'i<* tW initite fxmr the izuwr surac of the rqeir wld and had

* jINIq~ted thzam*- the huat-affected zon into the tvanition irm base
ustl.it can be sewn that the cracks are sLightly branciMo and



* Lucius Pitkin

Fig. 35 HET-AFlK=W Z ?CtE~RM 200 X

LnI grp showeing the Md-fil-.1 trngaulrnature
of doe heat-affected mx cr=acks dmxezd in the girth w;M =I=.

inm gommoa l vne dxwm heme xuwuts of mOf,
lightly tinempmd mrtsite.
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Pig. 36 T3I Ch M (~ BAE t'uThL (amS 50 X

s uowing the trnga~lrnature exhibited! by
the prgesw fatigue crct %*dAid had propmgafd into the

7he gen~aldI ifzsxbire o)f the transition oae comists of
pearlite and ferite, a structure characteristic of SA 30M material.



* Lucius Pitkin

Fiq. 37 INNE SUJWMC CRMS I O~T W 6 X

g shmin pr iv or fati" crcm nmairq
ftm Corrmims pit at th inur Szrfam~ of t~~tE I m
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12 C p0 sr eatel

Fig. 38IN f SUFFA -.- =- IN Th)JE1TTI? CM 100 x

Ph rI crra abdila to tha~t sIhW in Fig. 37 mmept at
hibr imoajfcaticm wor clearly *Kadng the ucwrai-filled

mlrftg (c1a3f5 wich initiated fin, an imier aurfam pit.



Lucius Pitkin
141CGrp of tot

Fig. 39 00OI-FILE)(IX CP"IA CmE 40X

PuIcr I stww4ng the tipof the lprn-g u w friatpe
11wk uIo in Figs. 37 anid 36. It cm be inuM tIt 09 crM~ is

corzvosimr file and tmsrmlaw as is typical of rupuie or
-aig cradiM.



INC f r eateId.

Pigj. 39M mm sm. 1T s

Ift icwgmhdin the ; z w of fine pits a the am
our&=c of theo1 ~near tia b t.fI m.,t 3 ce
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Fig. 40 FWA HEED/ 7 AW'JrNo (XE so X
HET-AFF ZCN

Phr ~ a I d mI soing the general wd m 1 - in the
hem Ummstof xm between the repsix mold andi tranitiam 1 ba1- rom
Iinteril. "to oStrucbire sham Imrlp aCnists Of 1ijit" P If~u
urrtefoite.
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Fig. 41 HERT-ApFFnTh Z=~ --RST)M 400 X

phvcouiczrograph sinilAr to that sh~vm in Fig. 40, enowt at
higher magnificwticn, sbtaeing the gMgral mAIcrcntucsae eudiffibted by
the bet-affectd m betee repair weld and Theisn~n.~

* I!mt-qfeted scumcotutr mmistS of li~tiy mee
nartensite.
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Fi. 45 XXM~u-WaLL CACK - AS P(LISU) 100 1

1,1piqrora. Soixm the uCids-fi11w VolrticaI'y cMiu9sd
tku m CMa*. -UR e~jvrM Of WeM dmfttS WA~ M slg CC JS

pouaityis amsciatd with the crack. 2m~ area s4xm hw is fvm~
* ~ ~~~ Wa~n~B ig. 43).
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Fig. 46 THIULHMZL CRACK - I-AFF8CMU MM 50 X

I , -, rgl gi I howi the vertically Ciawed tmzii1
cakin tie "M Of "i i/cromA vsiA I m-affecte z1 It cm

be senthat the arm* Profile ism uxh and slihtly eroded as would
ocwfr~m stemwater esoA fra thegeeatr
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Fig. 47 JHFUGHAWML CA M0 x

a *EI r gv 1 *1 afyding tto vrftiwlly zie thm*oo-m1
in thn trainwtian 1, b&m untal. Hie, as in Fpiq. 45 and 46,

no welding deicts axe associated with the crack.
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