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ABSTRACT

An examination has been made of a cracked welded joint from the 10~

inch Type JU4 stainless steel piping in the recirculating line of the Reactor
Building Spray System in the Arkansas Nuclear Plant No. 1. Cracks were observed
at six joints within an 8-day period after the system was operated for 6 to 7
months with H3BO3 (2300 ppm B) at ambient temperature, Chemical analyses revealed
the piping was within chemical specifications for Type 304 scainless steel.
Metallographic examination revealed stress-corrosion cracking that initiated

on the inside surface of the pipe and propagated intergranularly through the
sensitized microstructure (chromium carbid- precipitation at grain boundaries)

Of the neat-affected zone adjacent to the weld. Microprobe and scanning elec-
tron microscope analyses revealed up to 1000 ppm chlorine on the tarnish film

at the heat-alfected zone on the inner surface of the pipe as well as areas of
cnlorine on the fracture surface itself. Also found at the heat-affected zone
were apprecliable quantities (to 1 percent) of sodium, aluminum, s#ilicon, calcium,
magnesium, potassium, and titanfium. Activity analyses revealed Co 58 and Fe 59
leposits on the surface which were transported from elsewhere in the system,
Examination of radiographs from several sources revealed that the cracks co-
incided with areas of weld repair or high heat input and thus were caused by

high residual stresses from welding. Chloride ion was the probable corrodent.

Its source 1is not kiown definitely, but the chloride could have become concen=

trated by an lon-exchange process on the tarnish film at the heat-affected zone

even from a bulk solution concentration of <100 ppb., Aluminum corrosion products

(as found in this area) would contribute to this « ncentrating mechanism,
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Two segments of pipe were supplied to Battelle for examination: one
pliece, including about 4 inches of the circumference, that contained the girth
(field) weld but no cracks and a second piece, including about 1 inch of the
circumference, that contained a crack adjacent to the weld. Both pieces came
from the circumferential weld associated with Leak No. 2 as designated on-site.
The crack itself was less than 3 inches long and was located between 5:00 and
6:U0 where the top of the installed pipe is designated as 12:00. The large piece
had not been penetrant-cheched nor cleaned in any way and exhibited a very slight
amount of gamma radioactivicy. The small piece containing the crack had been
ultrasonically cleaned in a dishwashing product, Calgonite 211. This product

contains Na;8i0; and Na3PO, and is reportedly high in chloride content.

RESULTS
Appearance

The appearance of the large noncracked piece is shown in Figures 1
and 2. On tne inside of the pipe, the weld and an area about 1/8 inch wide on
either side of the weld were covered with a dark brown film, A tarnish film
extended outward on either side and to about 1/2 inch away from the center of
the weld. Bands of deep blue tarnish were located about 3/8 inch from the
center of the weld., On the OD surface, the weld bead was covered with a brown
tarnish, tue deep blue tarnish bands were ~3/8 inch from the center of the
weld, and tne tarnish extended about 3/4 inch from the center of the weld.
Note that tihe pipe was wire-brushed or ground on either side of the weld,
probably as part of tne weld preparation.

An enlargement of the cracked area in the small piece is shown in
Figure 3. Althougn not readily apparent [rom the photograph, the crack is just
adjacent to the dark blue tarnish band on one side of the weld suggesting that
it initiated in the heat-affected znne adjacent to the weld.

A visual examination at 20X of the ID and 0D surfaces of both pleces

of tne pipe revealed what appeared to be incipient intergranular attack. A
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FIGURE 3,

’
O

CRACK ON THE INSIDE SURFACE OF THE SMALL PIECE
OF SPRAY SYSTEM PIPING AS RECEIVED AT BATTELLE

Note that the crack is just adjacent to the band of blue
tarnish,
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typical area is shown in Figure 4. This suggests that the stainless steel sheet

probably was acid-pickled after final mill annealing to remove the surface oxide.

A typical solution used for this purpose in the past contains 1 to 2 percent HF
and 12 to 14 percent HNO3. No such attack was noted in the ground areas, indi-

cating that this attack occurred before welding in the field.

Metallography

A photomacrograph is shown in Figure 5 of a cross section through the
crack shown in Figure 3. The piece was etched electrolytically in 10 paercent
oxalic acid. If the photograph is examined closely, the sensitized portion
(grain-boundary c# 'bides) of the heat-affected zone can be seen. The crack is
located near the outer edge of the heat-affected zone away from the weld. Note
that the crack is wider at the inner surface and appears to be propagating from
the inner suiface to the outer surface.

A photomicrograph showing the crack at higher magnification is pre-
sented in Figure 6. Note that the crack propagated at grain boundaries, but
was not very branching. Based on the greater width of the crack at the inner
surface and the direction of the limited amount of branching, it appears that
the crack initiated on the inside surface and propagated toward the outside sur-
face. Also note that the pattern of carbide precipitation produced large sen-
sitized grains at the inner and outer surfaces and small sensitized grains in
the center of the cross section. As will be discussed later, the crack is
probably a stress-corrosion crack. This type of cracking is an electrochemical
phenomenon under these conditions and, thus, large grains at the surface would
create a greater tendency to initiate cracking because of the large cathode
(grain)-to-anode (grain boundary) ratio.

The microstructure of the pipe was examined in cross section along
the entire length (about 5 inches) of the pieces received at Battelle. Partial
sensitization (discontinuous carbide precipitation at grain boundaries) was ob-
served in the center of the cross section of the pipe wall along the entire
length. In some places, the partial sensitization extended almost to the inner
and outer surfaces of the pipe wall, Examples are shown in Figures 7 and 8.

Note the partial sensitization, particularly in the center of the cross section




APPEARANCE OF INTERGRANULAR
ATTACK OBSERVED ON BOTH
SURFACES OF BOTH PIECES OF
SPRAY SYSTEM PIPING
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10X Etchant: Electrolytic 10 Percent Oxalic Acid C-4598

FIGURE 5, PHOTOMACROGRAPH OF ETCHED CROSS SECTION
THROUGH CRACK SHOWN IN FIGURE 3

HEEEEEREEEEERDNE

Inside surface of pipe is at top of photograph, Note
that crack propagates through the outer edge of the
heat-affected zone (where grain-boundary carbides

are evident in the microstructure),
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Etchant: Electrolytic 10 Percent Oxalic Acid

FIGURE 6, PHOTOMICROGRAPH OF CRACK SHOWN IN FIGURES 3 and 5

Inner surface is at right of photograph, Note that the crack

propagates :x;t-*rgrannl.xrlv and appears to have initiated on the
inside surface of the pipe. Note also that the grain-boundary
carbide precipitation resulted in large sensitized grains on
both surfaces and small sensitized grains in the middle

the cross section,
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Etchant: Electrolytic 10 Percent Oxalic Acid Followed by C-4600
Light Polish Followed by Swab With Aqua Regia

FIGURE 7, APPEARANCE OF REPRESENTATIVE CROSS SECTION OF PIPE WALL AWAY
FROM WELD AREA

Note partial sensitization is greater at center but also occurs near the surface

in isolated areas,
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FIGURE 8, PHOTOMICROGRAPH SHOWING ENLARCE-
MENT OF CENTER PORTION OF TUBE
WALL CROSS SECTION AWAY FROM
THE WELD

Note the partial sensitization (discontinuous
carbide precipitation at grain boundaries),

-

Also see Figure 7,
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The cross sections of the p iway from
examin for the nature of the e 1ing attack observed
outer surfaces of the pipe. This attack was found to
corrosion 0.5 mil deep. An example is shown in Figure
thls attack probably occurred as the result of pickling
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200X C-4602
Etchat: Electrolytic 10 Percent
Oxalic Acid

FIGURE 9, CROSS SECTION THROUGH THE INTER-
GRANULAR ATTACK NOTED ON THE
INSIDE AND OUTSIDE SURFACE OF THE
PIPE AWAY FROM THE WELD

Note that the attack was only about 0, 5 mil
deep and apparent!y occurred at grain
boundaries,




ne wner

pr

iuce

Amb ient

emperatures

known

* References are










sodium, magnesium, aluminum, silicon, potassium, calcium, and titanium at the

heat-affected zone. In fact, these elements plus chlorine and copper were higher
in the heat-affected zone than in at least one (and usually both) of the other
areas analyzed. By the same comparison, boron, magnesium, and potassium were
higher at the weld, while aluminum and silicon were higher on the fracture face.
This indicates a greater degree of contamination at the heat-affected zone where
the cracking initiated. Note that no phosphorus was found on the fracture sur-
face. The lack of phosphorus indicates that the silicon on the fracture surface
probably did not come from the detergent used to clean the cracked specimen.,
(The detergent contained NazSi0O3 and Na3PO,.) Also note aluminum and silicon

were the only two contaminants found at high levels at both the heat-affected

zone and the fracture surface.

Radioactivity Analyses
e ——————————— el - —

Redioactivity levels on the inner surface of the uncleaned piece of
pipe were determined as follows:
(1) A gamma-ray spectrum was run on a 2 x 1/4 x 3/16-inch
sample using a 3 x 3-inch NaI(Tl) well crystal and 400
channel analyzer. Standards and background were also
run for comparison.
(2) An alpha spectrum was taken on a Si surface barrier
detector in vacuum, along with a standard and background
count.
(3) The sample was scrubbed with a nylon brush using a v20
percent radiac solution, rinsed, dried, and recounted
for gamma. Weights before and after were recorded.
Although monitoring the pipe weld sample (304 S§) with a sensitive
lab monitor revealed no activity, a long time count (40.0 min) in an efficient

3 x 3-inch NaI(Tl) well crystal revealed six gamma rays as follows (see Figure 10):




P ia )

f 4N
vaio

ole]

4NN
ON |3uuDy’)

buruoa|d 19440 Sq&om\ q \
oc_comzm:o*wamac;om q

f ASW O

newez1  °Sen
6G-34
PSH

1

frOWEE | PiS
AN LT

AN 180

8G-0D
PlL

>m§m:,;
AW 10

N
6G-94
PSP

v
4

Ajisua,u

- i
J

Uil Ov’/ Juno:




inere
pbackground

had been

re obtainec
SOLUClc

included i " § A ] and

MeV gamma.

24dNCce I«

wWas remove

from elsewhere 1t ystem and

were

pipe.,




SEM Examinations

[he scanning electroa microscope (SEM) also was used to examine and
analyze the fracture surface. SEM photographs of the fracture surface near the

inner and outer surfaces of the pipe wall are shown in Figure 1l1. Note the
"rock-candy" structure that is typical of intergranular cracking. Dispersive
X-ray analyses of a spot of "debris" just left of center and at the bottom of
Figure lla (inner surface) revealed appreciable quantities of chlorine, sodium,
aluminum, silicon, sulfur, potassium, and calcium as well as iron, chromiun,
and nickel. Analyses of other areas near the inner surface revealed the same
general results except little or no chlorine was detected.

Un the other hand, analyses of the fracture surface near the outer
edge revealed aluminum, sulfur, and calcium plus a trace of silicon and the
expected iron, chromium, and nickel. Analyses of a bare (abraced) metal sur-
face revealed only traces of aluminum and silicon in addition to the three major
elements.

Thus, the SEM results show that the fracture surface near the initia-
tion site (inside surface) was contaminated with chlorine, aluminum, and silicon
as well as sodium, calcium, and potassium. These contaminants were largely
absent where the crack penetrated the outside surface of the pipe. This dis-

tributioa would be expected if contamination on the inner surface of the pipe

was responsible for crack initiation.

DISCUSSION

The observed cracking failure appears to be intergranular stress-
Corrosion cracking that ipnitiated on the inside surface of the pipe at the heat-
affected zone and propagated through the sensitized microstructure in the area.
[he stresses were probably residual tensile stresses that were intensified by
repair welding and/or hiigh heat input in localized areas. The good correlation
between crack location and weld repair or high heat input locations further is
indicative of a high localized residual stress, Intergranular stress-corrosion

cracking in heat-affected zones adjacent to welds in [ype 304 stainless steel




SEM-879 108X SEM-880

a, Inner Surface at Bottom >, Outer Surface at Top

(Initiating Edge)

FIGURE

11,

SEM PHOTOGRAPHS OF THE FRACTURE SURFACE OF
THE CRACK SHOWN IN FIGURES 3, 5, AND ¢

Note the ''rock-candy' structure that is typical of inter-
granular stress-corrosion cracking,







boundaries in the stainless steel. It is significant that appreciable aluminum
(0.1 to 1 percent) was found at the heat-affected zone and on the fracture sur-
face. Aluminum and silicon were the only two contaminants that were found in
common in high quantities at the two areas. The chloride may not have come
from the boric acid itself but may have come from an additional source of con-
tamination, since the radiochemical analyses indicated a transport of material
(Co 58 and Fe 59) from a foreign source to the inner surface of the pipe.
Another possible corrodent is the boric acid itself. The Oak Ridge
results indicate that boric acid does not cause stress-corrosion cracking of
sensitized stainless steel if there is insufficient chloride present.(;) How-
ever, tne current electrochemical theories of stress-corrosion cracking propose
that stress-corrosion cracking occurs at critical potentials or over critical
potential ranges. These vary for different materials and different environments.
Surprisingly, several environments, previously thought to be nonaggressive, have
been shown to produce cracking at certain potentials. These potentials usually
are well removed from the free corrosion potential that is assumed by the metal
in the environment. Thus, cracking does not occur under the usual service con-
ditions. However, galvanic coupling to a dissimilar metal could shift the po-
tential into the critical range for cracking. In some cases, the dissimilar
metal could conceivably be the weld bead. Oxide films may produce a similar
effect. In fact, studies conducted at Battelle on oxide-coated pipe steel have
shown that the oxide itself will maintain the pipe steel in the critical poten-

tial range for stress-corrosion cracking in caustic and carbonate-bicarbonate

: (7)
solutions.

The tarnish film on the sensitized heat-affected zone of the
stainless steel pipe might produce a similar effect in boric acid solutions.
Thus, although the probability is low that boric acid alone can cause stress-

corrosion cracking of weld-sensitized stainless steel, the possibility can not

be ruled out until such factors as those described above have been investigated.

CONCLUS IONS

Ihe following conclusions can be made as to the leaks in the 1lO-inch

recirculating line of the Arkansas Nuclear 1 Reactor Building Spray System based







(3)

(4)

(3)

(6)
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