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AhStract

Bellows are an integral part of the conta'nment pressure boundary in nuclear power plants. They are used at piping
penetrations to allow relative movement between piping and the containment wall, while minimizing the load imposed on the
piping and wall. Piping bellows are primarily used in steel containments; however, they have received limited use in some
concrete (reinforced and prestressed) containments. In a severe accider.t they may be subjected to pressure and temperature
conditions that exceed the design values, along with a combination of axial and lateral deflections. A test program to
determine the leak-tight capacity of containment penetration bellow s is being condocted at Sandia National 1 aboratories under
the sponsorship of the U.S. Nuclear Regulatory Commission. Several different bellows geometries, representative of actual
containment bellows, have been subjected to extreme dellections along with pressure and temperature loads. The bellows
geometries and loading conditions are described along with the testing apparatus and procedures. A total of nineteen bellows
have been tested. Thirteen bellows were tested in "like-new" condition (results reported in Volume 1), and six were tested in a
corroded condition. The tests showed that bellows in "like-new" condition are capable of withstanding relatively large
deformations, up to, or near, the point of full compression or elongation, before developing leakage, w hile those in a corroded
condition did not perform as well, depending on the amount of corrosion. The corroded bellows test program and results are
presented in this report.
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Executive Summary

The bellows tests described in this report are part of a larger set of experiments that are being conducted at Sandia National
Laboratories under the sponsorship of the U.S. Nuclear Regulatory Commission. The purpose of the " larger" set of
experiments is to provide data for deseloping and/or serifying analy tical methods for predicting the behavior of nuclear power
plant containments subjected to pressure and temperature loadings that exceed the design basis - the so-called "sesere"
accidents. Further explanation of the overall containment research programs can be found in Volume I of this report. Because
bellows are an integral part of the containment pressure boundary, their performance must be evaluated as part of an overall
assessment of the pressure and temperature conditions at which a gisen containment would develop leakage. The purpose of
this experimental program is to investigate the leak-tight capacity of bellows subjected to severe accident conditions.

Volume i describes thirteen tests in w hich "like-new" bellows specimens were subjected to levels and combinations of
internal pressure. temperature, axial compression or elongation, and lateral deformation consistent with conditions that could
be expected in severe accidents. This second volume presents six additional tests in which bellows were subjected to
corrosion followed by elevated pressure, temperature, and deformation conditions in order to assess the effects of corrosion on
the abilit, of bellows to remain leak tight in a sescre accident.

Corrosion has been observed in some two ply bellows used at containment piping penetrations. Leakage through these
bellows was detected during 10CFR Part 50, Appendix J Type A testing; however, it was not observed during Local Leak
Rate Testing (LLRT). Both plies were found to contain very small cracks, not visible to the naked eye. NRC Information
Notice (IN) 92-20, " Inadequate Local Leak Rate Testing," was issued on March 3,1992. These events revealed that the Type
B LLRT performed between the two plies could not be relied upon to accurately measure leakage rate. The reason being that
the two plies of the bellows may be in contact with each other, restricting the flow of the test medium to the crack locations.
Insestigations [|| showed that any two-ply bellows may be susceptible to this problem.

Some of the "like-new" bellows, and all but one of the corroded bellows specimens were tested at an elevated temperature !

(425 F) because the bellows material (304 stainless steel) degrades with temperature to the point that it has bst
approximately 359E of its ductility by the time it reaches 400'F. Most of the loss in ductility occurs between room
temperature and 400'F. Therefore, testing at temperatures significantly above 400 F was not believed to be worth the added
complexity and cost. Conditions such as phy sical damage, misalignment, and weld repair were not considered during testing.

,

J

Containment bellows convolutions are " cold-formed" from type 3N stainless steel at room temperature. For almost all
containment bellows, no postforming annealing is performed so that considerable strain hardening and residual stresses are
present in the bellows convolutions. None of the bellows tested in this program were annealed. When subjected to a
corrosive environment, highly stressed stainless steel bellows are susceptible to transgranular stress corrosion cracking
(TGSSC). A number of occurrences base been reported in operating nuclear power plants. For this reason,it was decided to
extend the scope of the bellows test program, which originally was to investigate only "like-new" uncorroded bellows, to
include an investigation of bellows subjected to varying degrees of corrosion. To perform the corrosion study, six bellows
sp:cimens, originally intended to be tested in "like-new" condition, were subjected to accelerated corrosion environments
followed by combinations of eierated pressure, temperature, and axial and lateral deformations. The specimen geometries and
load combinations were similar to the "like-new" experiments described in Volume I; thus, insights on the degrading effects
of corrosion on leak-tight capabilities of bellows can be obtained by comparing the "like-new" and corrosion test results.

The goal of the accelerated corrosion was to produce bellows corrosion that would be esident in visual inspection, but would
not cause the bellows to leak. In this way, the bellows would still pass the required periodic leak tests. Testing of corroded
bellows and comparison of results from similar tests of "like-new" bellows would rescal if the capacity of bellows subjected
to minor corrosion is reduced. Another intent was to corrode some bellows specimens to the point that leakage would be
evident in the periodic leak tests. The goal of these tests was to study the growth ofleak paths when extreme loading
conditions are applied to such bellows.

In order to accelerate the corrosion process and yield results that would be comparable to observed TGSSC, bellows
convolutions were wetted with a concentrated solution of magnesium chloride (MgCl )-2

&cause of the limited number of corroded snecimens and the problems exnerienced in producing and cuantifying the nrecise
amount of desired corrosion. it is imnossible to dran any comprehensive conclusions regarding the leak-tight capabilitics of
hellows with varving degrees of corrosion.

ix NUREG/CR-6154
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110 wever, some noteworthy insights were gained through these experiments, as described below:

(1) If only one of the two plies of a two-ply bellows is subjected to corrosive environments, it seems that the hellows is
fully capable of resisting extreme loadings, up to, or very near, full compression with accompanying pressure,
temperature, and lateral deformation loadings, without developing leakage, regardless of the amount of damage in the
cormded ply. (Full compression is defined as the point at which all the convolutions and the end spools are in metal-
to-metal contact.)

Five of the six corrosion bellows specimens were two. ply bellows. The corrosive environment was applied to the
outer ply in each case, with the inner ply protected from the corrosive solution by the outer ply. A small amount of
corrosive solution may have reached the inner ply in three of the specimens since some leakage of the outer ply was
measured after the specimens were removed from the solution. Ilowever, because the solution was not pressurized and
because of the relatively small cracks in the outer ply, the actual amount of solution that came into contact with the
inner ply is believed to be very small and certainly not enough to appreciably damage the inner ply. The inner ply
remained leak tight for each of the two-ply specimens, even after being subjected to more than one cycle of loading in
some cases. Therefore, if a given two-ply containment bellows experiences corrosion on only one of its plies, it
seems likely that the leak-tight capability of the bellows will not be significantly reduced for severe accident types of
loadings.

(2) Three corroded bellows were leak tight before being subjected to extreme loadings, and they were able to withstand
severe load combinations before developing leakage. Howeser, no conclusions can be drawn because of the limited
number of appropriate test cases. The importance of this matter is to be able to determine if potentially corroded |

bellows, which still pass leak test requirements, can withstand severe load combinations.

Two of these specimens were leak tight at full compression with accompanying pressure, temperature, and lateral
deformation loadings. The third specimen began leaking at about 50% of full compression; however, the source of the
leakage was not related to corrosion. Instead, the leak was caused by failure of the weld around the tube used to apply
pressure between the plies.

Each of these specimens showed visible signs of corrosion before loading, yet they were leak tight. However,it is not
known how close any of these specimens were to a leakage condition before the loading conditions were applied. !

|

(3) If bellows are not leak tight as a result of corrosion before the loads are applied, then the rate of leakage increase caused {
by increased loadings seems to depend heavily on the pretest condition of the bellows (i.e., how bad the corrosion is
before external loads are applied).

Leakage was measured from three of the bellows specimens after tae corrosion process was completed, but before any
loadings were applied. Two of the specimens exhibited very sma'l leaks from corrosion-induced cracks barely visible
without magnification. For these tests, leakage grew steadily, yr t relatively slowly, as the applied loadings were
increased. For both specimens, the amount of leakage stabilized in the range of 50 to 75% of full compression and did
not increase any more as the loading was increased to the point o" full compression. This behavior was caused, at least
in part, by increasing metal-to-metal contact between adjacent con.olutions as the bellows were further compressed,
thereby restricting available leak paths from the convolutions. The key point here is that these two bellows did not
" fall apart" when subjected to extreme loadings, even though the pretest corrosion damage was significant enough to
produce leakage.

Leakage of the magnitude that occurred during the bellows tests would not cause a failure of the Type A test, but this
amount ofleakage could not be considered insignificant. In nearly all Boiling Water Reactors (BWRs), there is a
Technical Specification requirement limiting the leakage of main steam isolation valves to approximately 0.2 standard
cubic feet per minute (sefm). In the bellows tests, the measured leakage of bellows specimen C-6-2 (Test I 5-SCT) at
50% of full compression was 0.25 scfm. Bellows specimen A12-2-2 (Test I-8-SCT) had a measured leak of 1.0 scfm
at 50% of full compression.

The third bellows that leaked prior to loading was severely damaged by the corrosive process. This was the fiist
specimen subjected to the accelerated corrosion process and, because of unanticipatcJ problems, the bellows experienced
severe damage before the corrosion process was stopped. For this specimen, a few relatively large cracks, with a width
similar to the thickness of the bellows ply thickness of 0.020 inch, were present, along with many smaller cracks.
The specimen would have appeared damaged in even a casual visual inspection and would have had no hope of passing
a leak test. For this third specimen, the small cracks joined together to form much larger cracks at only 10% of full
compression. As the applied compression increased, the cracks grew even larger and the outer ply began peeling away
from the bellows, opening large leak areas. However, the inner ply, which was not subjected to corrosion prior to
testing, remained leak tight up to full compression in spite of the level of damage in the outer ply.
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I Introduction

The bellows tests are part of the Containment integrity Bellows are used at the piping penetrations of

Programs [2], which are being conJueted at Sandia containments to minimi/c the loadings imposed on the i

National Laboratories under the sponsorship of the containment shell caused by differential musement |
Nucicar Regulatory Commission (NRC). The final goal between the pipe and the containment wall. Since these 1

of the Containment Integrity Programs is to generate a bellows are an integral part of the containment pressure f
suite of validated methods that can be used to predict boundary, they are subjected to the same conditions as the I

containment behavior w hen subjected to ses ere accident containment building. During a severe accident, those
conditions. In pursuit of this goal, a series of scale model conditions would involse combinations of asial and lateral
containment buildings have been tested to failure. The displaecments, intemal or esternal pressure, and elevated

models were ;,ubjected to statie internal os erpressuri/ation temperatures.

at ambient temperatures, with the response being
monitored by a large number of sensors. The measured A resiew of past bellows research programs, containment
response was then compared with analy tical results that bellows applications, and finite element analy sis of

wcre compiled both before and after the test, in order to bellows is pros ided in {3j. Sescral bellow s manufacturers
serify the anal)tical methods. and designers were also intersiewed as part of the ,

Iextensisc background resiew into past research elforts.

Because of the limited number and scale of the Analy tical methods were unable to model the bellows at
containment inodels, separate programs base been the large deformations required for bellows failure,
conducted to further investigate the ses ere accident therefore, an esperimental program w as initiated to
behasior of containment penetrations. lilectrical des elor empirical methods to estimate bellow s capacity.

penetration assemblies, compression seals and gaskets,
innatable seals. personnel airlocks, and equipment hatches Bellows are used primarily in steel containments, and are
have been tested The ongoing bellows esperiments are a of two main types pl. One type, used in both Boiling ;

part of the containment penetration test series. Water Reacmr (BWR) and Pressuri/ed Water Reactor j
(PWR) containments. is process piping bellow s, which

-

sary in site from 6 to 60 inches in diameter. The other

I.] IIHekground type is sent hne beHows that are used in BWR ML-l
containments. They range in site from 65 to 125 inches

The bellow s test program was initiated as a result of constructed of|rocess piping bellows are normally
in diameter. |

two plies of SA240, typc 304, stainless
conecros that bellow s could be a possible source of steel w h am wparatt d by a thin wire mesh (~0.010-inch
containment leakaee durine a sesere accident. The goal of

wire diameter). The redundant outer ply prosides a means
(Hs research progNun was'io insestigate the pressure, to check for leakage of the bellows by pressuri/ing the
temperature, and deformation conditions that would be spax betwun phes and nonng any dmp in pn'uum. In
likely to cause a tear in the bellow s, and produce a leak contrast with proecss piping bellows, the majority of. sent
path through the conta nment boundary. line bellows are one-ply; approximately 109; are two-ply. ,

'

Figures I,2A and 2B illustrate the relative location and
construction details of some ty pical containment bellows.

<<''"'%

< 4

t)ry w en

Pmeew
hpn.g
lienows

Vent lanem Vent lanes Hellows

%) 4M"""
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l

h i T- k
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1

Figure 1. BWR Mark-I Containment |

|
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Introduction

Bellows are designed to accommodate differential There are various conditions that may result in a reduction
movements that occur between the containment shcIl and of bellows capacity, such as corrosion, physical damage,
the pipe to which they are attached. The design basis for misalignment, and weld repair. Because of the
these movements are obtained by summing the maximum insignificant number and magnitude of loading cycles

',
deformations associated with nonnal operation, safe during nonnal operating conditions, fatigue is not believed
shutdown carthqmb (SSli), and loss of coolant accident to be an important issue in detennining containment
(LOCA). The doign Mandards are provided by the bellows capacity in undamaged, properly aligned bellows,
lixpansion Joint Manufacturers Association (l!JMA)15L lividence that fatigue is a factor in limiting the capacity of
Nonnally, bellows are conservatisely designed to a bellow s that has been subjected to physical damage or
withstand about 5000 cy cles of design basis loading, misalignment has been reported 17[ However, physical
although they typically experience only a few minimal damage, misalignment, weld repair, and resultant fatigue
cycles due to startup and shutdown of the reactor. issues are outside the scope of this study, and therefore

were not investigated.
In the event of a severe accident, the bellows could be
subjected to pressure, temperature, and deflections well Ilecause bellows are generally not annealed after cold
beyond the design basis. As illustrated in Figure 3, the forming operations, stresses intnwiuced during fonning are
axial displacement of the bellows would be relatisely present. This causes bellow s to be susceptible to stress
small until the containment vessel yields in the axial corrosion cracking. Transgranular stress corrosion
direction. After yielding. the axial displaecment per unit cracking (TGSSC) of containment bellows has been
change in pressure would increase at a much faster rate. In reported at some power plants. The TGSSC was not
most cases, the bellows are connected to the outside of the detected during the general visual examination required by
containment shell (as shown m Figures 2A and 211) such 10 CFR Part 50, Appendix J, nor was it detected during
that radial growth of the containment due to internal the Appendix J Type 11 testing. The corrosion was
pressure would impose axial compression on the bellows. detected with perfonnance of the Appendix J Type A test
In a few cases, the bellows would be elongated due to the w hen the leakage w as obsened to be abnormally high.
bellows being installed on the inside of containment. The lloth plies of the bellows were found to hase cracks,
bellows would also be denected transversely, due to the which resulted in replacement of the bellows 18b
upward movement of the containment caused by prewure
acting on the dome, and by thennal expansion of the After researching available data, the decision was nnde to
containment. It is likely that the bellows would fail if the cornxic the remaining seven bellows specimens in a
consolutions become fully compressed. Failure would manner that would be representative of reported
occur as the end spmls (see Figures 2A and 2fl) cut occurrences of TGSCC. Testing of those corroded
through the thin bellows material or as a result of failure bellows is the subject of this report,
of the connection of the end spools to the piping, since
these connections were not designed for transfernny the The material properties of typc 304 stainless steel, which
movement (loading) of the containment shell directly to is used in containment bellows construction, degrades
the piping. The primary question to be answered is: are with increasing temperature. The loss of elongation (or
containment bellows capable of reaching the point of full " ductility")is reportedly reduced by about 359 from
compression without leaking? ambient to 40W F. Figure 4 was generated using material

data taken from several sources 19,10, i 1,12b
After a background review did not reveal any data on the
perfonnance of bellows subjected to severe accident Since ductility is the most important material property in
conditions 13L a test series was formulated to examine the determining bellow s tearing, and the largest change
behavior of various configurations of bellows geometries occurred between nom temperature and 400'F, all but one
under severe accident loadings. The specimen geometries of the cornxied specimens were tested at temperatures of
w cre selected after a lengthy search to determine the types 425 25'F.
most frequently used by the nuclear power industry, and to
derive a representative cross-section of those types.
Twenty specimens were constructed in an ef fort to include
variations in numbers of convolutions, depth of
convolutions, ratio of convolution depth to ply thickness,
and universal versus single-element bellows.

Thirteen bellows specimens were tested in "like-new"
condition. The results of those tests are reported in
Volume I of this report 16b llecause the results of the
thirteen tests indicated that "like-new" bellows would
remain leak-tight up to, or near, the point of full axial
compression, while subjected to extreme conditions of
internal pressure, elevated temperature, and lateral
deformation, the decision was made to test the remaining
seven bellows specimens in a degraded condition.
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2 Test Specimens

2.1 Specimen Construction Basically, the lower temperature would allow the corrosive
process to be set up without a vapor recovery system, and
How the use of a corrosion-resistant container made from

All of the bellows specimens were fabricated by a supplier IC" C"d *"'Cfi"EYof nuclear grade bellows, and w cre fabricated to nuclear
specifications. Subsequent tests conducted by Sandia's Mecham. cal and

Corrosion Metallurgy Department showed that it was
The specimens that were tested in a corroded condition were powible to produce TGSCC m a small section cut 1 rom a
originally part of the twenty specimens that were to be formed bellows constructed of 3N stainless steel within a

,

tested in "like-new" condition. After thirteen tests had reasonable amount of ume. The specimens were removed
show n that bellows in "like-new" condition were s ery imin a similar section of bellows contaimng the same
resilient and able to withstand extreme displacement and

residual stresses as the bellows that were to be tested.
remain leak tight, the remainder of the bellows were set Specimens developed cracks in approximately 55 hours. It
aside for a series of cormfed specimen tests. The geometry was noted that the cracks seemed to start at the cut edges of,
of the tested bellows specimens is provided in Table 1. the samples. Further tests wcre made with specimens
Figures 5 and 6 show the bellows consolution parameters hasing the cut edges coated with room temperaturelisted in Table 1. All of the bellows specimens were

s ulcanizing rubber (RTV). The time to cause cracks to
constructed of type 3N stainless steel. The sheet material initiate away f rom the edges increased to approximately 70
from whith the bellows were fonned was annealed. The hourtbellow s w ere not annealed after fabrication, so high residual
stresses were present. This makes them s ulnerable to stress Ah.n an acceptable method of initiating TGSCC had been
corrosion cracking w hen exposed to corrosises such as dedope I, attempts were made to generate cracks that did
chlorides' not penetrate the thickness of the bellows material. The

impetus behind this desire was to produce a bellows that2.2 CorroSlon Process Developmcni had enough corrosion to possibly degrade its performance
.

during a severe accident, but not enough to be detectable by
Contact was made with utilities that had experienced means of a containment leak rate test.
corrosion of bellows in an attempt to retrieve w hatever
information was available. This effort met with limited Several longitudinal strips were cut from extra bellows
response, but some very usef ul information on the type and specimens and subjected to corrosion, but the random nature
extent of corrosion that had been observed on some power of the corrosive process seemed to preclude being able to
plant bellows was obtained. After awimilating the predict with any certainty when the cracks would develop.
information, Sandia's Mechanical and Corrosion Metallurg) Once the cracks had developed, they propagated rapidly, and
Department was contacted. Discussions and resiews of the if the specimen was not inspected frequently, the corrosion
information with them revealed that the most damaginF rapidly reached the point of being excessive for testing
aspect of the corrosion was transpranular stress corrosion purposes.
cracking (TGSCC) caused by chlorides. A recommendation
was made to use a saturated solution of magnesium chloride An attempt was made to employ an acoustic sensor to
(MgCl ) heated to a temperature of 207 *F to initiate detect the initiation of cracking. Some success was2

TGSCC. realized, but the process did not prove to be reliable.

The temperature of 207 'F was chosen to reduce the After expending considerable time and effort to deselop a
complexity of the setup described in the American Socicly reliable method of deseloping TGSCC and meeting with
for Testing and Materials (ASTM) standard for a corrosive limited success,it was decided to scale up the process to a
solution of MgCl2 [l3]. That standard specifies a closed- full bellows specimen. The bellows chosen (specimen A-

hiop vapor recovery system with the temperature of the 12-2-I) was one of the only identical pair of specimens

corrosise solution maintained at the boiling point of the available.

concentrated solution (31 I "F). Because the physical size of
the bellows specimens would have required a complex and
expensive corrosion setup to follow the ASTM standard, a
method that would achieve the desired results at a cost of
increased time was chosen.

1
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*Table I llellows test specimen data

Inner Number of Ply Convolution Convolution End Center
Specimen Number Diameter Convolutions Number of Thickness Depth Pitch Tangent Spool

I.D. Required di (in.) N Plies, n t (in.) w (in.) q (in.) It (in.) 1 c (in.)

Phase I:

A-S-2 1 12.00 8 2 0.020 t).50 0.50 1.00 Singici
A-12-2 2 12.00 12 2 0.020 0.50 0.50 1.00 Single
C-6-2 1 12.00 6 2 0.020 0.50 0.50 1.00 4.00
D-6-2 l 12.00 6 2 0.020 1.25 0.50 1.00 4.00

Subtotal 5

Phase II:
.4

VL-1 I I9.25 12 1 0.020 0.50 0.50 I.00 3.00

Subtotal I
_

Total 6

*
Specimen I D. numbers in Phase I tests denote the bellows construction The first letter ( A. C or D ) indicates convolution depth ( A and C=0.5 in. and D=1.25 in.). The first number
indicates the number of consolutions (b. 8 or 12), and the second number indicates one or two plies .

iSpecimens mith A designation are single bellows. C. D, and VL (vent line) are unnersal (see Figure 6) bellows.
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Test Specimens

A large container made of polyethylene plastic was selected Based on the assumption that e-acks had developed as a
to contain the corrosive solution. Immersible electric result of the bellows being exposed to high temperature
heaters were placed around the specimen to maintain a corrosive steam, the next bellows test specimen was placed
temperature of 207 "F, An acoustic sensor was attached to on blocks above the liquid level. It was surmised that this
the specimen to attempt to detect the onset of cracking. w ould also cause an increase in oxygen levels w hich might

accelerate the stress corrosion proecss. Iligher temperatures
The specimen was periodically removed and checked for (approximately 2 trF) wcre also used in an attempt to
cracks visually. After the time greatly exceeded that show n accelerate the corrosive process. A small specimen cut
to give results in the small lab tests, more small samples from a section of the bellows convolutions cracked in ;

were tested. Test were conducted using the same type of approximately 24 hours in this ensironment. liowever, the I

hydrated MgCl2 that was being used in the corrosive specimen did not crack. i

solution that the full bellows was immersed in. The results
were basically the same as those observed earlier. Since attempts to corrode the bellows met with very little

success because of the galvanic action of the dissimilar

A theory was proposed by Sandia's Mechanical and metals a method was sought to prevent the galvanic actmn

Corrosion Metallurgy Department as to the possible cause from occurring. The method that had been used to this

of the problem. It was surmised that a soltage was being point was to try to insulate the mil'J steel from the

developed as a result of the galvanic action between the corrosive solution by coating it with some material that

dissimilar metals (stainless steel and mild steel) that would insulate it electrically and be capable of w ilhstanding

comprise the bellows specimen, and the magnesium attack by the corrosise at elevated temperatures. It is

chloride solution. That condition was not experienced in behesed that small imperfections in the (poxy coating

the laboratory, since the only material in the test solution allowed the galvanic action to continue at a somew hat

was a section of a stainless steel bellow s. reduced rate.

Subsequent measurements conlirmed that a voltage was The new method that was tried was to place the bellows in J

being generated, and was of the right magnitude and polarity a horizontal configuration with a saturated solution of

to cause the stainless steel to be protected from the MgCl2 applied through a " drip" system at the top of the !

corrosive solution. convolutions. In this way, the carbon steel end spools were |
not exposed to the corrosise solution and thus galvanic

The course of action chosen to remedy the situation was to action between the carbon steel end spmis and stainless
coat the mild steel portion of the bellows specimen (end steel bellows was presented. A temperature-resistant
spools and mounting Danges) with an insulating epoxy that blanket was wrapped around the convolutions to keep the
would withstand the elevated temperature and corrosiveness stainless steel of the convolutions wet with the corrosisc
of the MgCl bath, solution (Figure 7). The solution was heated in the catch-2

basin located beneath the bellows. A pump was used to

Measurements made on the specimen and corrosive hath recirculate the solution to the distribution manifold above
after the bellows had been coated indicated that the coating the specimen. Infrared heat lamps were trained on the

was performing wcil, but the bellows had not developed any bellows at four locations to supplement the heat input to

cracks after exposure to the corrosive bath for the solution. Specimen A12-2-2 was the Grst bellows

approximately 9 days. The corrosite bath was refreshed subjected to this corrosive process.

with new solution and a similar solution was used in the
lab to run more tests to try to determine the difference After exposure for one day (approximately 7 hours), the

between the small sample and the bellows. specimen exhibited sescral rust-colored areas and small pits, ,

but no cracks. The following day the specimen received |

An equipment failure during an unattended period led to approximately 5 hours of exposure. When it was inspected. j
i

melting a hole in the polyethylene container and loss of the there was more evidence of discoloration of the surface and

corrosive fluid surrounding the bellows. On inspection of some pitting. After another exposure of approximately 7

the bellow s it was found to be severely cracked. It was hours, there was an increase in rust-colored areas and

surmised that the temperature had increased to some high pouibly some very small cracks. After another 4 hours of
lesel because of the loss of the fluid, and the bellows had exposure, it was decided that there was sufficient corrosion

been exposed to a corrosise steam atmosphere. for testing purposes, and the bellows was tested as described
in Section 5 (Test I-8-SCT). The remainder of the bellows

The bellow s was tested as described in Section 5 (Test I-7 specimens were corroded in this manner.

SC) and corrosion attempts continued on the next test
specimen.

9 NUREG/CR-6154
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3 Description of Tests

<

The test series subjected cormied bellows to severe accident leakage did not occur during the Orst load cycle, the bellows
loadings. During the tests, internal pressure, temperature, was subjected to additional loadings until a leak finally
axial compression, and lateral deformation w cre applied. developed. The types of additionalloadings varied,
The bellows were loaded axially in compression because the depending on the tests; the exact loadings applied to each
amount of r xial deformation is more limited in specimen are described in Section 5.
compression than extension owing to the occurrence of full
compression. Full compression is denned as the point Phase 11 specimens are representative of specific bellows
w here all the convolutions and the end spools are in metal- geometries. The one Phase 11 specimen that was tested was
to. metal contact. Also, most bellows are located so that representative of an appmximately 1:4 - scale vent line
they would be compressed during a severe accident. bellows in a BWR Mark - 1.

Bellows specimens were divided into two broad categories. The maximum test pressure is based on a rough estimate of
Phase I specimens were designed to incorporate a variety of the pressure capacity of the type of containment in which
design features found in actual containment bellows, while the bellows would be employed. The maximum lateral
Phase 11 specimens were meant to be representative of defonnation represents a " normal" clearance between the
specific bellows geometries. pipe and the containment penetration opening. The amount

of possible lateral deformation imposed on the bellows is
For the corrosion test series, there were five Phase I limited to this clearance.
specimens and one Phase 11 specimen (Table 1). In the
original test plan, Phase I specimens were intended to All except one of the tests were conducted at 425125'F to
determine which of nine different geometries are more likely determine the effect oflower ductility at temperature on the
to leak when subjected to severe accident conditions, and to ability of bellows to remain leak tight during a severe
determine the capacity of bellows in general. accident. Elevated temperature testing was required because

the bellows material (3fM stainless steel) degrades with
As shown in Table 1, five of the six bellows corrosion temperature to the point that it has lost approximately 35%
specimens were of two-ply construction; howeser, only the of its ductility at 40(rF. Becau most of the loss of
outer ply was subjected to corrosion. Because the inner ply ductility occurs between room temprature and 40(FF.
of two-ply specimens is only accessible through small, testing at higher temperatures was not investigated. The
tapped holes in the bellows end plates, the decision was first specimen that was tested in a corroded condition was
made to not attempt corrosion of the inner ply. Therefore tested at mom temperature to permit closer inspection of
leakage of the bellows specimens due to corrosion was crack development.
determined by leakage through only the outer ply.

All testing may be considered pseudo-static, with each test
No attempt was made to adhere to a " Type B" leakage test requiring a few hours to complete.
as is required for containment penetrations. A Type B
leakage test is conducted at a pressure greater than the Prior to corroding the bellows specimens, initial clastic
design basis accident (DB A) for the containment that the stiffness measurements w cre recorded for each specimen.
penetration is installed in. There is also a requirement that The specimen was extended a small amount while the load
the pressure be maintained for a duration of not less than 15 required for that extension was monitored . The stiffness is
minutes for the pressure decay method of leak detection and the force divided by the distance. 'Ihat number is reported
measurement. in the test results (Section 5) for each specimen.

Leakage of the bellows test specimens was measured to The test procedure for the vent line specimen (VL-1)
give a relative indication of corrosion damage to the followed the pmeedure designated as SCT (see Table 2) with
bellows leak integrity. the exception of the lateral deformation, which was limited

to I inch. This limitation was imposed as a conservatise
'

The test designation, shown and described in Table 2, w as value for the approximately 1:4-scale of this specimen.
followed thmugh the first load cycle. In most cases,if

II
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Description of Tests

Table 2 Description of tests j

Maximum Test
Test No. Specimen I.D. Test Designation * Pressu re (psig)

I A-8-2 SCT 150

5 C-6-2 SCT 150

6 D-6-2 SCT 75

7 A- 12-2 SC 150

8 A- 12-2 SCT 150

20 VI.- I t 150

*SC: Simultaneously apply internal pressure, axial compression, and lateral deformation. Internal pressure, axial
compression, and lateral deformation shall be increased linearly such that the internal pressure reaches the

maximum test pressure les el in Table 2 w hen the total applied lateral deformation is 2 inches when the
bellows are fully compressed. If the bellows are still intact after being fully compressed, reverse the applied
test conditions by remosing axial and lateral defonnation as well as internal pressure at the same rate at
w hich each was originally applied. Continue unloading until either a crack develops or until all originally

,

applied displacement and pressure have been removed. ;

SCT: Same as SC designation, except the temperature is 425 i25T throughout the specimen for the entire test.

t This Phase 11 specimen was subjected to the SCT test designation with the exception of lateral
displacement, which was limited to 1 inch.

i
|

|

|
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4 Test Apparatus and Instrumentation
,

All of the bellews specimens were tested in a hydraulically were in the comxled condition, the additional handling
; actuated load frame as described in Section 4.0 of Volume 1. required to install the pages might (Lunage the bellows.

All instrumentation and data recording procedures descrited Also, strain pages were not used for the bellows tested at
in Volume I were followed during testing of the conukt! elevated temperature owing to the high cost of purchasing
bellow s. Strain pages were not used on the comtled and installing pages that coulti withstand such temperatures.
specimens because of the concern that, once the specimens |
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5 Test Results

Six tests were conducted on bellows that had been development. Since the inner ply was intact, the inner
presiously subjected to corrosion. These tests subjected volume was incrementally pressurized in conjunction v ith
bellows to extreme axial and lateral deformations as displacement steps as described in Table 2 for the Sr test
described in Section 3 of this report. As expceted, the designation.
bellows generally did not perfonn as w ell as those tested
in "like-new" condition. During the test, sery little change occurred in the large

cracks, which were all located in the convolution nearest

All of the corrosion test specimens uere subjected to the end spool on one end. Ilowever, the small cracks
elevated temperature (425 F) except the first specimen, developed into larger cracks very early during displacement
u hich was sescrely corroded. resulting in large leakage steps. At approximately 10% of full compression, the
paths before the test. Because the specimen could not be cracks had begun to grow larger (Figures 9 and 10), and by
monitored for leaks, the decision was made to conduct the approximately 259 of full compression, several of the
test at ambient temperature. This meant that the sery small cracks had joined together and opened up into
specimen would be more accessible to obsersation of much larger cracks (Figure 11). The inner ply, w hich had
crack deselopment, since there would be no insulation on not been subjected to the corrosive bath, remained leak
the specimen. tight through full metal-to-metal compression (Figure 12)

and return to original displacement conditions. The inner
Table 3 lists the tests, along with failure conditions for ply leaked after being partially compressed (approximately
each. The test identification number is coded to indicate 409 ) a second time.
the test phase (I o:Ilh the test number (1 through 20;
only 19 of the 20 originally planned tests were conducted Test I 6-SCT
because one specimen was damaged prior to testing, and
could not be usedh and the test type (e.g. Cl , SE, etc. as After being exposed to MgCl2 tor approximately 355
described for Table 2L The specimen L D. is defined in hours in two different configurations bellcws test
TaNe L specimen D-6-2 did not develop stress corrosion cracking.

Iloweser, seseral pits that appeared to be deep enough to
All the test data plots are contained .m Appendix A. possibly cause a leak were observed after the specimen had

. been immersed in the corrosive solution for approximately
The axial deforman.on required to cause full compress.gn 275 hours and placed in a corrosive steam environment of
is shown for each specimen in Table 3. f our of the six MgCl2 or a period of approximately 80 hours. Figure 13f
specimens leaked before reachine full compression. The
percent of full compression at th'e time of first leakage is shows a typical pit. Upon discovery of the pits, the

NHows w s tested for leaks and lound to be leak tight.
provided in Table 3 for these specimens. A fifth specimen
began leaking on the final axial deformation step to full Beenuse the pits appeared to be deep enough that any

compression. Leakage was defined as a leak through the further exposure to the corrosive solution might cause a ,

outer ply of two-ply specimens because that was the le k, the specimen was tested with no detectable cracks. I

lsurface exposed to the corrosive.
The specimen was tested at an elevated temperature of )

A detailed description of each test is prosided below. An 425"F. The bellows began to leak through the outer ply

evaluatien of test results is presented in Section 6. at appnnimately 509 of the calculated axial displacement
for full compression (end spools in metal-to-metal
contact k Axial compression and lateral displacement

Test I-7-SC steps were continued until the bellows was fully
compressed and displaced laterally 2 inches (1 igure 14).
At that time, the inner ply remained leak tight. There was

The first corrosion bellows specimen was identified as A.
no visible cracking of the outer ply, but the leak appeared

12-2-1. The specimen had been subjected to a corrosive
to be located in an area where one of the large pits had

i solution for many hours with no effects because of initial
en observed. After the specimen cooled sufheiently to

problems described in Section 2.2. When cracks did
occur, they were in excess of the desired conditions. reinow'd fnzm the teuing maciune, it was exanuned

mom dosc5 Because the a fonned mnmlutions wereEffort.s had been directed at developing specimens w ith
obstructmg the area of interest, the specimen was dissected

|
visible corrosion but no measurable leakage.

to allow access to the area in question. After the
specimen was cut apart,it was apparent that the leak was! Upon inspecting the specimen,it was found to contain
due to a failed weld at the base of the tube that is used tonumerous small cracks and a few larger ones (see Figure
pressurite the space between the two plies (Figure 15),8). Attempts to pressurize the interply volume revealed
and not the corrosion pit that had been suspected. It| several major leaks. Because the specimen leakeg

excessively, it was decided to conduct the test at ambient appeared that the weld failure was not related to the effects
"I "** I""'

temperature with extensive photographic coverage of crack

I4
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Table 3 llellows failure conditions

I,caktight at Axial

Nominal Nominal Full Deformation Percent Initial

Test Test Compression of at Full Compressed Elastic
Specimen Pressure Temperatu re First Loading Compression at First Stiffness

Test I . D. 1. D . (psig) ( F) (yes or no) fin.) Leakage (th/in.)

1-1-SCT A-L2 150 405 no 3-3/4 100 4070
1

1-5-SCT C-6-2 150 430 no 5 10 2750

I-6-SCT D42 75 410 no 5-5/8 50 230
t*

1-7-SC A-12-2-1 150 Ambient no 5
*

1-8-SCT A-12-2-2 150 420 no 5-1/2 20 5210 ;

11-2 0 VL-l 150 410 yes I l-1/4 t 4140 t

._ * These specinwns were not leak right at the stan of the rest. as dewnbed in Section 5.
'A The nuinher represents percent temprewed at first change in le.tk rate.

t This speonrn did not desetop a leak |

$ Na measured. |
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Test Results

Test I 8-SCT Asial displacemem ni achiese fuH compression of the
speemien was calcuLed to be approximately 5 inches.

llellows specimen Al2 2-2 exhibited sescral areas of well- After the specimen was displaced to approximately 109 of
delined cracks that were easily visible to the naked eye full compression, the leakage increased to O (H)I scfnt
after being subjected to the corrosise " drip" sy stem 1 rom that point leakage increased uith each corr.pression
described earlier in Section 2 for a period of approximately step. At approximately 259 of f ull compression the leak
27 hours. When pressuri/ed to approximately 20 psig, had increased 1000:15 scfm (Figuie 22). and at
three small leaks were detected with a soap solution. The approsimately 50% of full compression, the leak uas
leakage w as measured at 01m sefm Standard cubie feet measured at 0.25 sefm (1 igure 23). The leak continued to
per minute). increase until the bellows reached approximately 759 of

f ull comprewion, w here the leakage was measured at 1.34
After the bellow s was heated to the test temperature of sefm. From that pomt until the bellows was fully
425 F, the leak was measured at only 01H)3 sefm, which comprewed (Figure 24) and espanded back to
was probably due to thermal espansmn and the restraint of approximately 759 of full compression, the leak remained
the testing' machine. The leak increased to 0.01 scfm constant or decreased. The leak continued to increase hom
when the bellows was displaced asially and laterally to that point until the specimen was returned to the starting
1.132 inches and 0.4 inch respectisely. which was displacements where the maximum leakage was measured
approximately 209 of the calculated maximum asial at approsimately 2.12 scfm (Figure 25).
displaecment for full compression (Figure 16). The leak
continued to increase with each displacement step until it Test I-1-SCT
reached a maximum of 1.0 sefm at asial and lateral
displacements of approximately 2-3/4 inches and I inch. llellows specimen A-8-2-4 was lested af ter being subjected
respectisely, which is approximately 509 of f ull lo the corrosise solution by means of the " drip system"
comprewion. The leak stabilized at that lesel and did not for approximately 7-1/2 hours. The major corrosion areas
increase as the specimen was fully comprewed. and were on the sidewalls of the consolutions at the top and
displaceJ laterally 2 inches (Figure 17). As the bellow s bottom relatise to the horizontal placement of the bellows
was returned to the starting displacements, the leak during the corrosion procew (Figure 26). The corroded
increased again to a maximum of I.8 sefm (Figure 18). areas were naller than other specimens presiously tested.
The reason the leak did not conunue to inercase with asial Even though the corroded areas were sery small and
compression was apparently camed by closing of the relatisely few in number, there were minute cracks,
small cracks and/or restriction of the leakage path between sisible with the aid of magnification, emanating from
plies as the bellows was comprewed. An example of seseral of the corroded areas (1 igure 27). There was no
cracks obsersed during post-test inspection can be seen in detectable leakage from the bellows prior to testing.
Figure 19.

1)uring testing, the specimen did not leak until full asial
Test 1-5-SCT compression was achieved (Figure 28). The Icak at that

point was measured at 03XX)4 sefm. The leak increased as
llellows specimen C-6-2 was exposed to MgCl2 for a the specimen was returned to the original asial and lateral

shorter period of time than the presious specimen in dimensions (Figure 29). Maximum leakage was measured

hopes of stopping the corrosive action before a leak at 0 023 scim. Fosi test inspection of the bellows

deseloped. The specimen was esposed to the corrosise rescaled that there were four leaks. Three of the leaks

solution for approsimately 13 hours. Ilow es er, the were located at small cracks in the roots of the

saturated blanket contacting the specimen was left in place convolutions (1:igure 30), while the fourth was a much

osernight, adding approsimatels 16 hours of cool-dow n larger leak located near the tube that is used to monitor |

ano cold contact with the corrosise solution. leakage from the volume between the plies. Further |
insestigation of this larger leak revealed that it was a tear

On prewuri/ing the bellows to 20 psig, leakage was in the bellow s material caused by the deformed '

indicated at several small cracks (Figures 20 and 21) by consolution being forced into the sharp corner of the end

means of a soap solution. Areas of darker appearing spool at the cutout for the interply leak monitoring tube

corrosion were plainly sisible to the naked eye. but cracks (Figure 31).

could not be seen without the aid of magnification. The
leaks were measured in each section of this unisersal Test 11 20
bellows, with one section showing a leak 01 OJXXX)7
sefm and the other OJXX)2 scfm' . The last bellows test specimen, a 1:4 scale single-ply vent

line specimen identified as VI 1, was leak tested before
being subjected to corrosion because it had been stored
outdoors and exhibited a slight amount of surface
corrosion.

I leak measurements were made using three nowmeters
with increasing range. The smallest nowmeter had a
range of 0 to | SLFM (stanJard liter per minute).
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Test Results

The specimen was verified to be leak tight and was cracks, sisible with the aid of magnilication, starting at
subsequently exposed to the corrosive solution for corroded h>eations (l'igure32).
approximately 7 hours. When the specimen was inspected
after the first 3 hours of corrosion, seseral small rust- The bellow s specimen did not desclop a leak during the
colored spots were noted. test. The sjveimen cadured two complete cycles of full

compression (Figure 33), with accompanying pressure and
The specimen was inspected in 2-hour inters als after that lateral deformation loadings, and return to original
because the specimen is a single-ply bellows, and the need displaecments without desetoping a leak. The test was
to maintain leak tightness was essential to proside terminated at the end of the second cycle even though there
internal pressure loading. Each inspection rescaled more was no leak. The deep consolutions were very minimally
and larger corroded areas. The corrosion process w as distorted since the lateral displacement was limited to I
terminated at the end of the day because it w as felt than inch. Post test inspection of the test specimen rescaled
any added corrosion would jeopardi/c the ability of the that some of the cracks had widened during the test (Figure
bellows to remain leak tight until the start of the test. A 34), but the bellows remained leak tight.
few locations exhibited w hat appeared to be s ery small

21 NUREG/CR.6154
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6 Evaluation of Test Results

6.1 Corrosion Characterization
During testing, the cracks in the most sescrely cornxied

Because of the limited number of bellows specimens and specimen began to propagate very early during
difficulties encountered in developing "representatis e" defonnation. After approximately 10'3 of the deformation
corrosion in the specimens, there was a large variability in necessary to achieve f ull compression (full compression
the amount of conosion at the time of testing. Also, the is delined as the point at w hich all the consolutions and
conosion that was present was difficult to quantify. The the end spools are in metal-to-metal contact), cracks began

methods used to infer the amount of corrosion were sisual to merge and espand. The inner ply, which had not been

observation, and leakage testing. Corrosion present on cornxied, remained leak tight at full compression.
some of the bellows was readily apparent to the naked eye,
and cracks could be plainly discerned. On others, a small The two bellows that wcre cornxled to the point where a
amount of corrosion could be seen with the naked eye, but small amount of leakage could be measured prior to

magnification was necessary to determine the presence of testing ( A-12-2-2 and C-6-2) exhibited no change in leak

cracks. rate until the bellows reached approximately 25'4 of full
compression. At that point the leak rate began to increase

Since the areas of most sesere corrosion did not occur in with each incremental deformation mosement until the
the same location or even on the same part of the bellow s bellow s were compressed sufficiently to restrict the leak

consolution in every case, it is difficult to compare one path (50'/, to 75G of full compression) owing to contact
geometry with another. Howeser, owing to the between the consolutions.

propensity for cracks to occur in the bellow s w here any
corrosion was evident. it can be said that the same general Bellows specimens that were leak tight at the start of the
trends noticed in the specimens tested in "like-new" test did not develop leakage attributable to corrosion prior
condition holds true. That is, the tendency of some to full compression. Of the three specimens tested, one
bellows geometries to develop creases in the material. as (D-6-2) did not exhibit any surface corrosion, but sescral
discussed in Volume I, could render them prone to early pits wcre observed. The other two had several areas of

leakage if any corrosion were present. " minor" corrosion. One of those specimens (VI.-1)
appeared to be scry close to leaking at the point of full

6.2 Test Observations compression because of a crack that developed in a
cornxied area. The remaining leak-tight specimen ( A4-2-

Because of the sariation in corrosion damage, leakage at 4) exhibited minute cracks in the cornsled areas, but did

the time of testing varied from large leak rates to leak not leak until the last incremental compressive move to

tight. The first specimen ( A-12-2-1) that was subjected to full compression.

corrosion exhibited a large leak rate that would base failed
a typical containment leak-rate test. Two of the bellows
specimens had scry small leak rates at the time of testing,
and would base passed a containment leak-rate test. Three
of the specimens had no leakage prior to testing.
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.spets gnidaol esisserpmoc eht ni ylrae yrev skcarc regral
nese depolesed etar kael egral yllaitini na htiw eno eht dna

,desserpmoc erew yeht sa setar kael desaercni depoleved
egakael fo tnuoma llams a htiw snemiceps esohT

.noisserpmoc lluf ot roirp egakael decudni-noisorroc
poleved ton did egakael on htiw s wolleb eht ,gnitset
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esah dluow taht kael egral a htiw swolleb ehT ".tset kael" eht fo gnitset erof eb tneserp noisorroc fo tnuom. ehT
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-

llams erew skael esehT .s wolleb eht fo ecnamrof rep
.tnedi_ca ercses

eht dedarged skael elbatceted ,snemiceps tset ni
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ylekil dluow tub ,tset etar kael tnemniatnoc a fo snaem
.esac taht rof edam eb nac snoisulcnoc yb elbatceted eb ton ylekil dluow noitidn.rc dedarged sti
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ton erew stseT .ecnamrofrep desimorpmocnu drof ta ehT .noitidnoc derised eht ot snemiceps swolleb eixnroc

lliw ylp degamadnu eno ,snemiceps ylp-owI fo esac eht ni ot lahtem a gnipolc sed ni deretnuocne erew seitluciffiD

.noisorrocfo stnuoma llams ylevitaler yb dedarged eb yam
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Appendix A
The data from displacement transducers, load cells, Descriptions of the individual tests that generated the data
pressure transducers, and themiocouples recorded during plotted here are contained in Section 5.i the tests are presented in this appendix.
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