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Grain structure of the elbow material, (a) Small grains (due to re=
crystallization) are at the ID surface (arrow), Large grains follow
the weld fusion line, (b) A magnified view of the ID surface. The
notching (arrows) that hus occurred is seen at the grain boundaries
an well as at the center of grains,

Schematic diagram showing the orientation of the cracks in relation
to the pipe geometry, The fracture surface to be examined with the
SEM 18 shown,

The mating pleces of the fracture surface are shown, The regions
labeled A and B were saw cut prior tu separating the two pleces,
Ductile tearing (arrow) appears as high-contrast areas on the photo-
graph.

The fracture surface as seen with the SEM, Photograph (a) was
taken after exposure of the surface to the NS-1 solution for 100 h.
Photograph (b) is the same region after 219 h in the solution,
"Tongue" behavior (arrow) can be seen, These two photographs show
the effects of the NS=1 solution on removing the surface oxide (A).

A.. SEM photograph showing the fracture surface, The high-contrast
regions are oxides that have become charged (arrow), Precipitates
are also seen at the grain boundaries.

Photograph showing slip (arvow).

Photograph showing slip (arrow), grain-boundary separation (A), and
crack arrest (B).

Photograph showing transgranular fracture (arrow) at an isolated
grain on the fracture surface,

Photograph showing intersection of the 1D surface and fracture surface
Also, pitting (arrows) is shown at the grain boundary and center of the

grain,

(a) Crack branching, grain-boundary separation, and precipitates
are shown (arrow). (b) Enlargement of (a). Dark circular areas,
where precipitates had been (arrow), are seen, X-ray flourescence
was performed on precipitates,bright area labelled A, and the bulk
grains.

Cross=-sectional view of weld RBBJ-10, The areas punched and used for
TEM are numbered,

Bright=field {a) and dark-field (b) TEM of a grain boundary {arrow)
of region 1 of Fig, 21. A grain boundary with precipitates {bright
areas) is shown in (b).

Dark-field (a) and bright-field (b) TEM of a grain boundary (arrow)

of region 3 of Fig, 21, Precipitates (biight areas in the graino
boundary, (a)) are seen.
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Bright-field (a) and dark-field (b) TEM of a grain boundary (arrow)
of region & of Fig. 21.

X-ray fluorescence yield of the grains at the fracture surface, §Si,
Cr, Pe, and Ni peaks are observed, The relative magnitude of the
peaks shows that the material is stainless steel,

X~-ray fluorescence yleld of a precipitate embedded in a grain boundary
at the fracture surface. S, Cr, Fe, and Ni peaks are observed, The
relative magnitude of the peaks (compare with Fig, 25) suggests that
the particle is made of a chromic-rich spinel.

Sensitization test of an area that includes the HAZ, The samples
vere immersed in oxalic acid for a given length of time so that
grain-boundary etching could occur, The weld fusion line is

shown in (a), and each succeeding photograph [(b)=(h)] 1s of an
area 0,1=in, farther from the weld, The heaviest sensitization is
seen at a distance of 0.5 in, from the weld fusion line. The crack
occurred at a distance of 0,3 in, from the weld, The horizontal
lines are drawing lines produced during pipe fabrication,

Relative sensitization ve distance from the fusion line, Sensitization
is obtained by using the QUANTIMET scheme of measuring the relative
area (dark area/light area) of etched grain boundary from Fig. 27,

The maximum in sensitization occurs at 0,5 in,, whereas the crack
occurs 0.3 in, from the weld fusion line,

Circumferential wall thickness ve angular position, The circum~
ferential wall-thickness measurement was accomplished for weld
RBAJ-7 as shown in the upper right corner of the figure, The data
were obtained 1/8 in, from the weld root.

Schematic of cold-spring measurements.

The ID surface of RBBJ-10, The machining marks (A) and fracture
surface (B) are seen, The crack probably originated in a region where
machine marks exist; however, the crack edge (arrow) in this figure

is outside the machined reglon,

(a) The machining marks (A) and crack at the weld root are shown
(arrow)., The weld is at the right, Solidification marks (B) are
also shown. (b) The crack at the weld root is shown magnified.

The weld is at the right side of the figure, Precipitates at the
grain boundaries are shcwn (arrow). The crack follows the weld root
and 15 both transgranular and intergranular.







FAILURE ANALYS1S OF THE TYPE 304 STAINLESS STEEL 4~in,
RECIRCULATION BYPASS LINES OF THE MONTICELLO BWR POWER PLANT*

by
S, Danyluk, J, ¥, Park, and C. F. Cheng

SUMMARY

The intergranular cracking observed in the Type 304 stainless steel
4=in, recirculation bypass lines of the Northern States Power Company (NSP)
Monticello power plant is similar to that observed in other boiling-water=~
reactor (BWR) systems, These fallures are attributed to intergranular stress~
corrosion cracking (ISCC). Contributing factors are: local variations in
wvater chemistry, changes in the metallography of the heat-affected zone (HAZ)

as a result of welding, and localized tensile stresses,

Two types of defects were discovered in the initial examination of the
4-in. line. A major crack, was located in the HAZ of weld RBBJ-10, It
vas determined to be 90% through the wall, It followed the circumference
of the pipe, and is intergranular in nature. Shallow crack=like defects
vere also found at the weld root, These were both intergranular and
transgranular, All the defects {nitiated at the inside diameter (ID) surface,
The influence of sensitization on crack initiation and propagation is
not firmly established, A sensitization test showed that the major crack
was not in an area of maximum sensitization; this crack was 0,32 in,
from the weld, and the maximum sensitization was 0.5 in, from the weld, Trans-
mission-electron-microscope (TEM) examination showed that precipitates are
present in the grain boundaries in the vicinity of the major crack., It is
not known how these precipitates affect the grain-boundary energy and/or

influence crack propagation.

*Work supported by the Northern States Power Conmpany.









the 28-in, l1ine. Detailed schematics of the 4~in, hypass lines of the Monti-
cello plant are shown in Pigs, 2 (loop A) and 3 (Loop B). Thu bypass valves
shown in these figures remained open during reactor operation, contrasting
with the Dresden and Quad Cities plante, which operated with the bypass
valves closed. The weld locations are noted in the figuies and are labeled,
3.8+s RBAJ=9, The water flow proceeds as indicated. The welds suapected

of having defects are RBAJ-8, RBAJ-7, RBAJ-6, and RBBJ-10, The hanger
positions are also labeled.

B, Material and Wclding Procedure

All the piping is Schedule 80, Type 304 stainless steel, The elbows are
of the same heat -f material as are the pipes, although they have been suljected
to additional heat treatments in the forming process (hot bending). The trans~
mission electron micrographs suggest that the elbow was not completely solution~
ized after forming.

The exact welding procedure is not available but welding was conducted
according to the ASME Nuclear Code, Section IX, The cpen-root technique of butt
welding was employed using the tungsten-inert-gas and shielded-metal arc
processes, The joints were prepared with a 70° minimum fit-up angle, and the
Ir surfaces were counterbored, The beveled edges, root face, and back side of
each weld joint were cleaned prior to welding., Certified ER308 and E308-15
filler metal was used with a specified maximum interpass temperature of 350°Y.
Argon was used for torch shielding, and purge gas.

C. Yibration Analysis, Water Chemistry, and Radioactivity

A test program to monitor the pipe displacement and discharge pressure
fluctuations was conducted by the Bechtel Power Corporation, FPressure trans-
ducere were mounted on an instrument line outside the drywell and connected
with 1-in. tubing to the recirculation system piping. Acceleration data were
collected by a portable accelerometer that measured the vibration of the 4~ and
28-4n, lines. Data were collected as the pump speed and motor power were

varied, It was found that the dynamic amplitudes were small (<1 mil) and
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top of the figure denote the clock positions. Ultrasonic tust indications

are present on both the elbov and pipe sides of the weld; however, it 1s not
possible to determine the orientation of the indications due to geometric masking
of the UT signal., Radiographic indications appear om the pipe side of the

veld at all the joints except RBAJ-8 and RBAJ-9, The latter two welds have
radiographic indications on both sides of the joint, Dye penetrant examination
of the radiographic indications located in welds RBBJ-12, RBAJ-9, RBAJ-8

and RBAJ=6 did not confirm the presence of cracking in these joints,

Prior to in-depth laboratory radiography of all welds, it had been de-
cided that weld RBBJ~10 would be subjected to a detailed metallographic
examination, Preliminary field ultrasonic examination had indicated the
presence of a significant defect in this joint, Subsequent field radiography
had verified the presence of a crack,

Further metallographic exploration of indications located through ultra=
sonic or radiographic examinations of welds other than RBBJ-10 is not planned.

B, Crack Verification

Upon receipt at ANL, the sections were scrubbed with a clean nylon brush
and distilled water, on both outside and inside surfaces, for removal of loose
radioactive contamination, Corrosion product was taken from the ID surface
near weld RBAJ-8 by scraping and analyzed by x-ray powder diffraction,

Weld RBBJ=10 was cut from the pipe using 8 motorized hack saw and included
A1/2=in, of material on each side of the weld bead. The elbow geometry is shown
in Pig. 6a. Figure 6b shows a three-dimensional view of the weld and the ob=-

served major crack, which ec¢tends from the 7 1/4 to the B 3/4 clock position,
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Two weld-root defects were also observed, The ID rurface of the pipe is
shown in Fig. 7a with the weld brad and defects., The elbow side of the weld
is toward the top of the figure, A higher-magnification photograph is shown
in Fig., 7b, The major crack can be seen on the pipe side of the weld bead,
The major crack follows the circumference and jogs along the counterbored
machine marks, The weld-root defects are visible in Fig., 7b,

Figure 8 18 a cross-sectional view of the weld that shows the extent of
crack penetration, It is clear from the figure that the crack has initiated
at the ID surface and has penetrated at least 901 through the wall., Also
visible in the figure is an inclusion in the weld (center),

C., Macroscopic and Microscopic Investigation

Le roscopic and Metallographic E tion

A composite cross-sectional metallcgraphic view of the major crack is
shown in Fig, 9. Sample preparation included metallographic polishing prior
to etching in a 102 oxalic acid solution using a current density of 1 A/cu2
to delineate the grain boundaries, Several interesting features in this
figure are worth noting., The crack is intergranular, and dark irregular-
shape areas, which may have contained precipitates or grains, are evident,
Branching of the main crack is also readily seen,

A cross-sectional view of the crack-like defects at the weld root is shown
in Fig, 10, These typical weld-root defects, which have blunt tips, occur on
both sides of the weld, The grain size of the base material on the pipe slde
differs from that of the elbow nide hecause of the mechanical working and heat
treatment received by the albow during the forming (hot bending) process, The grain
size in the bulk of the elhow material 1s larger than at the 1D surface,

This difference (Fig, 11) iw partially due to the forming process anc¢ the heat

provided during welding, °.gure 1lb, which is & magnified view of Fig. lla,

R —
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where the unremoved oxide scale (bright areas) is also visible., The high-
contrast regions, indicative of oxide charging due to electron-beam bombarding,
made high-resolution microscopy difficult, Gold shadowing of the fracture
surface resolved this problem by providing a thin conducting layes, which
leaked accumulated charge away. A disadvantage of thie technique is that the
chemistry of the original surface is changed such that quantitative chemical
information is lost, The observaticn of slip on individual grains was common,
and some examples are shown in Fige, 16 and 17, Also shown in Fig, 17 is a
case of branching-crack arrest at the intersection of three grain boundaries,
Transgranular fracture of some grains was also observed, as shown in Fig, 18,

Figure 19 shows the ID surface at which the crack initiated, Also
visible in the tigure are pits that formed possibly during pickling when
the material was fabricated, These pits are seen both at the center of the
grain and at the grain boundaries,

The main crack branched during propagation., A characteristic of these
branches is "clean" grain-boundary separation., A typical branched crack 1is
shown in Fig, 20, Aleo seen in this figu.. e:c precipicates, which appear
@8 bright contrast areas embedded in the grains, and dark circular areas from
which these precipitates have been removed,

The SEM study showed that the crack is predominantly intergranular, with
some transgranular fracture also occurring, Twinning cleavage fracture and
slip were identified but could not be attributed to fatigue, Pitting of
the ID surface was also observed; however, a direct correlation to crack
initiation has not been made,

3. TEM Examination

Transmission-electron microscopy was performed on three thin disks
(numbered 1, 3, and 4 in Fig, 21) punched from the HAZ near the weld, Disks

3 and 4 were adjacent to the major crack, The grain boundaries were examined
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in each case, Photographs of these grain boundaries are shown in Fige., 22«24,
which display bright- and dark-field views. Care was taken to expose any
precipitates that may have heen present, The micrographs show discontinuous
precipitates in position 1, a few traces of precipitates in position 3, and no
precipitates in position 4. The precipitates, usually identified as M23C6
carbides, are thought to contribute to ISCC, The presence of precipitates on the
elbow side suggest that the solutionizing treatment was not complete., Continucus
precipitates were not observed in these samples. It must be noted, however, that
the small number of grain boundaries examined Joes not represent a statietically
significant sample, Additional TEM studlies are required to correlate the suscept-
ibility of this material to ISCC with precipitates at grain boundaries.

i 1" titative Chemical Analysis

1, Corrosion Products

The loose and adherent corrosion >roducts at the ID surfaces were analyzed
by the x-ray powder-diffraction technique using CuKa and FeKa radiation, The
adherent corrosion products were removed by 1ight mechanical scraping before
cleaning and washing. Table II1 lists the types of oxide scale found in the
Monticello plant pipe and their relative x-ray line intensity. Results from
Quad Cities-1Il and Dresden-ll are included for comparison.

In general, no significant difference in corrosion products exists among
the three reactors, and no unusual products are found. Spinels of nickel
ferrite and nickel chromite are tightly bound to the surface substrate, The
hematite (a-le203) is probably a redeposition product from the oxygen-rich
region in the core that results from radiolytic decomposition of water. In
the case of Quad Cities-I1I the hematite is probably converted licombite,
vhich results from scrubbing with trisodium phosphate. The austenite is
likely to have resulted from metal dissolution, whereas kamacite may originate
from transformed martensite at the machine-disturbed metal surface or from

debris due to galling and wear.
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stresses can be ma'e by simply adding the values at each weld,
Ve believe the absolute magnitudes of the quoted stresses are not in
themselves especially significant because of the simplifying assuzption made
{n the analysis, although the relative values of stress may be significant,
The stresses due to cold springing and dead weight will, of course, add to
the residual stresses and may contribute to the conditicne for crack initiation.
F. ID Surface Examination
The ID surface of weld RBBJ-10 was examined for unusual surface~pre=~
paration marks and weld shrinkage, Figure 31 shows the ID surface near the
crack. The crack edge and fracture surface are seen at the left of the figure,
Machine marks are clearly seen in the center of the field of view and are
recognizable because of their regularity, The surface preparation at the
veld root is seen in Fig. 32, Figure 32a shows the machining marks due to
counterboring (at the left) and precipitates embedded in grain boundaries.
The weld=root crack is alsc shown (eross-sectional view in Fig. 10) and
solidification marks can be seen at the right of the figure, A higher=
magnification photograph of the crack {s shown in Fig, 32b, The crack follows
the weld root but not necessarily the grain boundaries, It is surmised that
this crack 1s the result of weld shrinkage which led to tensile stresses at

the ID surface and is not a stress-corrosion crack,

IV, Discussion

The factors that cause 18CC of stainless steels in BWR systems have been
discussed in detail by various authots.9 No single cause has been found to
predominate either in the crack {nitiation or crack propagation as'ects of
18CC, 1t seems clear, however, that ISCC ie promoted by environm:ntal ef fects

such as the chemistry of the water in contact with the steel, micro-
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structural effects at the surface as well as the bulk of the matrix, and/or
stress effects which result from residual stresses left by cold working or
weld shrinkage.

We proceed with a discussion of these three aspects as they pertain to
the present failur. analysis.

A, Environmental Effects

The role that chemical impurities and temperature play in ISCC in BWR
systems has not been established, MHowever, it has been sugpested that primary
water lines of pressurized-water reactors (PWRs) which contain oxygen of
<0,1 ppm do not show intergranular crlcking.lo Concentrations of oxygen
in the Monticello plant feedwater were continuously monitored and showed a
value of <50 ppb, although concentrations in the &4=in, lines and crevices and
notches at the pipe surface may be substantially different., large increases
of the oxygen level in the plant water have also been reported.ll These
occurred during plant shutdown; however, direct correlation with ISCC has
not been determined to daie, The transport of other impurities through the
water has been reported in PWR plants, and it was suggested that these may
play a role in the failure-initiation stage of ISCC.12 Unusual chemical
activity has not been identified in the water nor in the material,

B, Microstructural Effects

The relation of microstructure to ISCC in BWR systems is not clearly
understood, The grain size, degree of sensitization, and surface cold working
all contribute to some extent to ISCC in Type 304 stainless steel, Sensiti-
zation is caused by precipitation at the grain boundaries of chromium carbides
and/or compounds that contain Mn, P, S, 54, and N. The cracks do not, however,
form in the regions of highest precipitation but in areas that are only lightly
gensitized. The 4~in, lines of Dresden, Quad Cities, and Monticello all

developed cracks at ~0.3 in, from the weld fusion line (a region of light
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Measurements of the cold springing at room temperature were used to

calculate the stresses in the weld joints., The stresses are nominally small,

although values of 10 ksi (Table 1V) have “een calculated, The addition of 1

the dead weight and cold springing stresses shows values of approximately ;

half the yield stress, Examination of Tables I1I-VI and Figs. 4 and 5 reveals f

that the welds which show the strongast UT and radiograph indications are

those with the highest stress values, Weld RBBJ~10 showed a maximum in s.rvess;

welds RBAJ=6, RBAJ-7, and RBAJ- § also showed a high stress level and UT and

radiograph indications., Residual stresses have not been measured for the

present report but are being measured under the sponsorship of EPRI, The

pipe thickness of weld RBAJ-7 varied by 10%; this variation would change

the stress by the same percentage,

The ID surfaces of the pipe were counterbored (machined), It has been
speculated by other authotnl that surface deformation leads to residual
stresses and grinding 1s a more severe surface preparation procedure than
machining. It seems clear that the stress induced in the surface regions of
the pipe will depend on the metal removal rate and the force used in the
removal process., In the present case these variables are unknown, Additional
insight into the present problem may be gained from the residual-stress
measurements.,

Weld shrinkage was evident (Figs. 31 and 32) from the crack-like defects
observed at the weld root, The nature of these defects is different from that of
the intergranular crack which was examined metallographically, Weld shrinkage

will induce stresses in the HAZ that will add to tue externally applied loads,
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Fatigue striations due to alternating stress levels were not observed,
Slip was quite evident in many of the grains (Figs, 16 and 17), and the corners of
grains had undergone plastic deformation, The accelerometer tests performed by
dechtel Corporation showed that dynamic amplitudes were small (<l mil) and
of low frequency (<12 Hz), However, low-amplitude and low-cycle tension-tension

stresses may not producn striations and these effects have not been ruled out.
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Table 11

corrosion Products in the 4ein, Recirculation Bypass Lines
(Monticello, Quad Citles-111, and Dresden=11)%

Monticello _Quad Cittes-111 Dresden-11 __
Loop A Loop A
b ¢ As=re- As~re~
Loose Scrubbed Loose Scrubbed
Product 1D Product D celved ceived
1D 1D
Spinel (Ntlczo‘ A 8 M M M M
+ NlCrzo‘
Hematite $ M A A a W
(c-!czos)
Ramacite W w W W B -
(a~Fe, BCC)
Austenite § - s S g 8
("". 'CC)
Ciprite A B A A v A
(Cuzo)
Lipcombite A A M W A A

fpelative x-ray intensity of oxide scale: § = BtYOng, M = medium, A = absent, and

W = weak,
bDeionizcd water scrubbed,

Crrisodium phosphate scrubbed,

e e e
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Table 111

Results of Stresses Due to Cold Springing in Loop A

weld
Identification
Number® “p 09 1
(RBAJ=)
veld-o=let 8000 - ~2800
13 7200 - -2800
12 100 - «4&00
11 100 - ~4400
10 4400 - -
Cut 1 150 - -
9 2400 - -
8 2400 ~150 100
7 2800 =150 100
6 2100 =100 =1000
veld-o-let 5700 ~100 -1000

YFrom Figs. 2 and 3,

P ———

LR MERCRENE IR IR0 T TN RO ==



| Table 1V
Results of Stresses Due to Cold Springing in Loop B

| veld
; ldentification Number s o 1
| O (RBRIS)
veld-o-let 12,300 - 1200
17 1,800 . 1200
| 13 4,400 700 400
| 13 2,200 700 400
| 12 7,900 200 1030
| 10 9,900 200 1630
| 9 10,100 700 .
Cut 2 600 700 .
} 8 600 700 -
7 400 700 230 |

weld-o-let 33,000 200 230
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Table V

Pesults of Stresses Due to Dead Weight in Loop A

Weld
Identification Number oy % 1
(RBAJ-)
weld-o=let 500 400 £00
13 400 400 500
12 3200 50 1500
1 3000 50 1500
10 4100 - -
Cut 1 1400 - -
9 900 - -
8 400 =100 400
7 1500 - 300 400
6 3500 =300 300
weld~o-let 1000 =400 300
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Fig., 2, Loop A of the 4=in, recirculation bypass line, The weld
locations and bypass valve are indicated, Water flow pro=
ceeds as shown, The cuts are also shown along with the
hangar location and cold springing,
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Fig. 3. Loop B of the 4~in, recirculation bypass line,
valve, and water flow are shown, The
with the hangar location and cold springing.
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— indications located by ultrasonic examination,
— Indications located by radiographic examination,
Fig. 5. Radiograph and ultrasonic results of welds from Loop B, The figure

{s an unfolding of the pipa with the veld shown at the center of each
diagram and the clock positions numbered at the top, The pipe and
elbow sides of the weld are also shown.,



PIPE

6 9 <12
/ ELBOW

CLOCK POSITION

'

RBBJ~10

CLOCK POSITION

ELBOW
SIDE

WELD BEAD

90 % THROUGHWALL CRACK

Fig, 6, (a) Schematic of Loop B with the elbow containing welds RBBJ-9 and
REBJ=10, The clock positions are shown, (b) A three~dimensional
schematic showing weld RBBJ=10, The weld bead and clock positions
are shown, The defects were located at the 7 1/4 to 8 3/4 clock
position, One (90 throughwall) crack was cbserved in the HAZ, and

two defects were detected at the weld root,
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Fig. 9. An enlarged vievw
of the crack in
the HAZ, An oxali«
scid etch was used

to delineate the
grain boundaries,
The dark irregular-
chape areas (arrow)
may nevVe contained
grains and/or pre-
cipitates, Crack
branching 1s alsc
sbeerved,
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Fig. 12, Schematic diagram showing the orientation of the surface defects
and major crack in relation to the pipe geometry, The fracture
surface to be examined with the SEM is shown,
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Crq Cig Feq Feg Nig Nig

X-ray fluorescence yleld of a precipitate embedded in a grain
boundary at the fracture surface. §, Cr, Fe, and Ni pezks are
observed. The relative magnitude of the peaks (compare with
Fig. 25) suggests that the particle is made of a chromium-—
rich spinel.
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includes the HAZ,
1in-boundary etching could occur,

The samples were immersed in

st of an area that

Fig nsitizatio tes
xal wcid for a given length of time so that gr:
1d fusion line is shown in (a), and each succeeding photograph [(b)=(h)] is
sensitization is seen at a

from the weld. I'he heaviest

The horizontal lines are drawing lines pro-

an area 0,l1-in. farther
{{stance of 0.4~0.5 in. from the weld.
fabrication.
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DISTANCE FROM FUSION LINE (in.)

Relative sensitization Vs distance from the fusion line.
zation is obtained by using the QU

Sensiti-

ANTIMET scheme of measuring the

relative area (dark area/light area) of etched grain boundary from

Fig. 27.

The maximum in sensitization occurs at 0.5 in., whereas

the crack occurs 0.3 in. from the weld fusion line.
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