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ABSTRACT

This report describes the materials and waterside chemistry topics most
relevant to the steam generator system for the Clinch River Breeder Reactor
Plant. Development programs necessary to support or confirm design
and plant operating conditions are summarized, together with selected test
results obtained to date.
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INTRODUCTION

Selection of materials for the sodium heated steam generators of Clinch
River Breeder Reactor (CRBR) required an in-depth study of the performance
experience available from systems closely related to service objectives. The
most prevalent concerns are: (a) materials endurance in corrosive environments
known to produce stress corrosion cracking, and (b) preventing tubing failures
that will result in sodium water reaction. Correct engineering judgment
in selecting materials, exercise of great care in the fabrication of components,
and application of sensitive methods for the certification of materials
and final assemblies are of equal importance. Selection criteria for steam
generator tubing and tubesheet forgings are considered to be most critical
items in the design of secondary systems. Primary criteria for alloy selection
are fabricability and resistance to stress corrosion cracking so as to
provide maximum assurance against the initiation of sodium-water reactions.
Secondary criteria (carbon transport, mechanical properties, wastage, water/
steam corrosion) are selected to minimize the propagation of Na/H^O reactions
and overcome other design or operational penalties. Depending upon the
emphasis on projected problems, material selection has varied in past and
existing world steam generator components for LMFBRs. The predominant
alloy selection for the evaporator portion,of the steam generators in 2^Сг-1Мо
in th unstabilized or stabilized versions Л ' Austenitic alloys have been
selected in at least half of the world's existing superheater portion of sodium
heated steam generators. The present trend is to use 2*sCr-lMo in the evaporator
and select either 2У>-1Мо (stabilized or unstabilized), Incoloy 800 or 9Cr-lMo
for the superheater. Not enough data exist in the USA to qualify 9Cr-lMo for
inclusion into the ASME high temperature Boiler and Pressure Vessel Code, or
to assess its resistance to stress corrosion cracking on the waterside.
Incoloy 800, although superior when compared to 300 series austenitic grades,
may have insufficient stress corrosion resistance. Operating data to be
obtained from the St. Vrain HTGR (High Temperature Gas Cooled Reactors) plant
superheaters will provide information which will influence its future use in
the LMFBR.

On the basis of studies made, the reference alloy selected for CRBRP is
2%Cr-lMo for the construction of the evaporators and the superheaters with
maximum operating temperatures of 950°F. Even though this alloy is widely
used in USA in fossil fired power plants, there are selected portions of
design data which are not properly defined. To eliminate potential design
and fabrication risks, a comprehensive development program has been delineated
and now underway in the USA. The main tasks are the following:

A. Corrosion - The objectives are to study the material behavior under
normal and abnormal chemistry conditions. Present design allowances are to be
confirmed by corrosion tests under heat transfer conditions in a special loop.

The corrosion program is carried out jointly by Oak Ridge National
Laboratory (ORNL) and General Electric Fast Breeder Reactor Department.

B. Mechanical Properties - A comprehensive program is in progress at
ORNL to define creep-fatigue, elastic properties, especially as a function ;
of carbon content which is expected to change during the lifetime of the
steam generator units. These properties are needed for the inelastic and
elastic design analysis to satisfy the requirements of the ASME code.

C- Decarburization Rates - The main potential problems in using 24Cr-lMo
for the construction of superheaters are temperature limitations 1,000°F and
its tendency to lose carbon in sodium. Loss of carbon influences the alloy's
mechanical properties. Rates of carbon release and associated mechanical
properties are now under systematic study, to provide a design basis. Work
underway at GE is conducted in static as well as in flowing sodium.
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D. Nondestructive Examination - Programs are either in place or planned
to start shortly, which define methods and techniques required for material
and component certification. At present, the program consists of adapting
existing techniques to the desired geometries and specifications.

E. Design Correlations - Designs will be based on material properties,
graphs, and correlations which have been compiled into Nuclear Systems Materials
Handbook. Each correlation is given in two parts, (a) recommended equations,
graphs or lists of data and (b) rationale for the recommended data.

GE and ORNL have the responsibility for issuing the steam generators
correlations to expect reviewers and provide the final form of data which are to
be included in the Handbook.

F. Fabrication Development - The main tasks are to obtain high quality
tubing and tubesheets and to develop techniques for welding these two members
to required structural and metallurgical criteria. A program is now underway
to obtain the materials to carefully prepared specifications. During 1975,
the steam generator fabricator will conduct the necessary development work
to establish appropriate welding and nondestructive procedures.

Reference
1. J. S. Armijo, J. L. Krankota, С N. Spalaris, K. M. Horst, and F. E.

Tippets, "Materials Selction and Expected Performance in Near Term
LMFBR Steam Generators" BNES Transactions, March 1974, London.

WATER CHEMISTRY ISSUES

Target performance of the steam generator depends upon proper waterside
chemistry control. In order to specify the water circuit chemistry, an
in-depth study was undertaken to examine the performance of similar systems
which have been in operation for sometime in the USA. The study included
published reports as well as extensive consultations with utility engineers
responsible for chemistry technology in operating power plants. These
investigations led to recommended CRBR water chemistry control which uses the
"volatile" treatment with ammonia additions to adjust the pH. The choice of
"volatile" treatment assumes a 2.5% blowdown (bleeding off) rate in the steam
drain and simultaneous full flow demineralization capability in the feed-
water train.

The specific feedwater quality is shown in Table 1, typical of the water
chemistry conditions required in once-through systems. Phosphate additions
have not been adopted, as plant operating experience shows difficulties in
maintaining reliable pH and sodium to phosphate ion ratios of 2.3 - 2.6 necessary
for proper control. In addition, it is believed that fouling of heat transfer
surfaces will be less with the volatile additions.

Principal reasons for the specified conditions in Table 1 are as follows:
The silica limitation is to avoid harmful deposits on the turbine. The pH
range, controlled with ammonia additions, is to protect the construction materials
in the feedwater train; the level specified will be lowered if stainless is used
for the feedwater train. Iron and copper levels are specified so as to keep the
amount of deposits low. Conductivity values limit the total amount of dissolved
salts. Hydrazine is added to keep the oxygen at the specified levels required
to minimize oxidation and pitting. Limit on hydrazine additions are required
to keep the residual levels of hydrogen low and permit higher sensitivity for
leak detection on the sodium side. (Hydrogen meters are the primary water/steam
leak detectors on the sodium side).

Topics Under Development
Assuming steady state conditions, the specified water chemistry will be

sufficient to allow the structural components to operate within desired limits
of performance. The concern, then, deals with the occurrence of off-normal
conditions and the frequency of this occurrence.

The majority of off-chemistry conditions in present operating plants
results from condenser tube failures and cooling water in-leakage from the
condenser into the system. It becomes imperative that condenser failures be
minimized or avoided; should these occur, adequate safeguards in terms of
monitoring instrumentation and full flow demineralization of the feedwater
must be provided so as to shut-down the plant for repairs.

Consequences of condenser tube leakage introduces corrosive species into
the steam generators and disturb the chemistry balance. If condenser con-
tamination introduces magnesium chloride, the composition through hydrolysis
can produce hydrochloric acid at evaporator temperatures. Although the
reference material for the steam generator units is resistant to chloride
attack, prolonged exposures to hinh concentrations and selective concentrating
mechanisms are bound to cause unfavorable results. Sodium bicarbonate impurities
may decompose to produce carbon dioxide (CO2) and caustic (NaOH) resulting
in imbalance of pH. Consequences to structural components because of loss
in pH control could result in pitting, localized caustic corrosion, and
tube thinning. During the past 3 years, all of the above mentioned undesirable
conditions have occurred and were instrumental in lengthy power plant shut-
downs.

It is obvious that instrumentation for water purity monitoring and control
processes is vital. Condenser leaks will be monitored by measuring conductivity
and specific ion concentration. Effectiveness of demoralization will be
measured by silica concentration and conductivity. In addition, oxygen meters
and pH meters will be provided. All of the instrumentation is commercially
available. The major factor with the CRBRP waterside instrumentation is proper
location of the sensing instruments to rapidly sense, and initiate corrective
action in the event of chemistry conditions. Occurrence of sodium/water reactions
due to steam generator tube leaks will be monitored by means of hydrogen
meters located on the sodium side. In cases of sodium water reactions, pro-
cedures will be activated to prevent sodium entry into the waterside.

DNB may produce local upset water chemistry. The experimental tests are
to determine the effects of DNB on local corrosion and exfoliation under several
bulk water quality conditions.

The DNB region in a tube is described as one of repeated drying and wetting
with a consequent oscillation of temperature between the wall and fluid.
Because of the temperature oscillation, there has been concern about thermal
fatigue of the tube and exfoliation of the adherent magnetite layer leading
to increased corrosion. Fatigue, although clearly important, is unrelated
to water chemistry and will not be examined here. Exfoliation, although possible,
is not considered as a serious problem in the evaporator because present corrosion
allowances are quite conservative. The evaporator tube walls are the same
thickness, 0.109 inches, as those in the superheater which have been designed
to withstand considerably higher rates of corrosion; viz, a factor of 10. A
third and potentially serious consideration, is the possibility of severe
localized corrosion, specifically caustic gouging or pitting. The possibility
of localized corrosion is raised because the liquid in contact with the walls
in the CRBRP will be relatively dirty compared to that present in a once-through
boiler where DNB also occurs. This is the natural consequence of operating
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with a steam drum where trace salts entering with the feedwater are concentrated
because of their favorable distribution (solubility) in water relative to steam,
i.e., only a small fraction of the salts leave with the steam. Such salts may
be further concentrated when they are enveloped in the porous iron oxide layer
which normally builds up on the tubes.

At the 2.5% blowdown (bleed-off) salts in the feedwater are concentrated by
a factor of about 40 in the steam drum. Thus, the sodium ion, possibly present
as sodium hydroxide, may reach levels of 80 ppm in the water in the evaporator
region experiencing DNB. Such levels are two orders of magnitude below values
proven to be damaging for such conditions. Because data for this mode of
operation is scare, experimental programs now underway in USA (GE, AI, and ANL)
will show the DNB effects as a function of steam generator water chemistry.
These experiments are now assigned the highest priority status in our present
programs.

The major faulted condition that can be postulated, aside from sodium
water reaction, is the simultaneous failure of the condenser and demineralizers.
Concentrated Clinch River water is being used in the USA corrosion experiments
to assess limits and consequences of high impurity content in the system. Our
main line of defense is adequate demineralization capacity, to keep up with a
sizeable leak in the condenser for periods sufficient for orderly plant
shut-down.

TABLE 1

CRBRP WATER QUALITY SPECIFICATIONS

FEEDWATER QUALITY

Total Solids

Dissolved Oxygen

Silica

Iron

Copper

pH at 325°C

Hydrazine (residual)

Conductivity (cation) at 25°C

Sodium

STEAM DRUM WATER QUALITY

Total Dissolved Solids

pH at 25°

Conductivity (cation) at 75°

Sodium

50 ppb (max)

7 ppb (max)

20 ppb (max)

10 ppb (max)

2 ppb (max)

9.3 to 9.6

5 ppb (max)

0.3 micro-mho/cm (max)

2 ppb (max)

2 ppm (max)

9.0 to 9.5

3 micro-mho/m

80 PPb (max)

AQUEOUS CORROSION PROGRAM *|[)4

One of the major problems in nuclear f ired steam generators is the premature
failures of tube caused by various forms of corrosion. For example, during 1972
one out of three nuclear plant steam generators suffered corrosion-induced tube
f a i l u r e . ( l ) Steam generator tube damage is not l imited to nuclear systems. A
survey indicated that 20% of the high pressure fossi l f i red steam generators used
to generate electric power in the United States had corrosion-induced tube f a i l -
ures during the years of 1955-1971.^'

Although the reference alloy has been in extensive use for a number of years,
no systematic corrosion ef fort has been done to either quantify design allowances
or to establish i ts behavior under upset system chemistry conditions. A j o i n t
GE/ORNL aqueous corrosion program has been developed to define a range of condi-
tions of stress, metallurgical conditions, and operational chemistry where specific
forms of corrosion attack can occur. Thus, the on-going program is heavily focused
upon the alloy behavior in specific environment or conditions, corresponding to
those specified in the system designs, or those that may occur during off-normal
or upset chemistry conditions.

Caustic concentrations are the most probable contaminant during the l i fetime
of the system. Although test concentrations used (0.4, 1.0, 3.0, 5.0, and 10.0%)
are not expected to occur in the bulk evaporator environment (600°F) due to con-
centration mechanisms, s l ight in-leakages can result in extremely high local con-
centrations. At 900°F the testing environment was steam at 1750 psi containing
5 to 10 ppm dissolved NaOH. Specimens exposed to the above environment were main-
tained at either a constant extension rates. The results of these tests have
signif icantly aided in the choice of the reference steam generator material, 2%Cr-
IMo steel and the alternate al loy, Incoloy 800.

General corrosion allowances are determined by exposure of specimens under
prototypical heat transfer rates in superheated steam without the addition of con-
taminants. Results obtained to date have been incorporated into interim correla-
tions necessary for preliminary design.

Summary of Recent Significant Results

Reference Material - 2%Cr-lMo Steel - 2%Cr-lMo has been found to be extremely
resistant to caustic cracking in high temperature aqueous and superheated steam
environments.

Constant Stress Testing, 600°F - No instances of stress corrosion de-
tected for samples exposed to 3% NaOH for >3000 hours in annealed, normalized
tempered and cold-worked conditions. Samples stressed considerably above
yield strength. I n i t i a l results in 10% caustic for above mentioned metal-
lurgical conditions as well as welded samples also indicated no stress corro-
sion.

Constant Strain Rate Testing, 600°F - No stress corrosion in 5% NaOH,
(strain rates of 10-ь to 10~3/min) for above metallurgical conditions, welded
samples and severely notched samples.

In ]Q% NaOH, marginal stress cracks have been detected. Cracks have a
maximum extension rate of 75 pm before they blunt (same cross-section 2.5
x 3.2 mm), Mgure 1.

Constant Stress Tests, 900°F, 1750 psi - No stress corrosion in super-
heated steam containing < 10 ppm dissolved NaOH for annealed, and normalized-
tempered conditions stressed above y i e l d strength.



Alternate Alloy, Incoloy 800 - Alloy 800 is susceptible to caustic cracking
in 600

u
F caustic solutions, but quite resistant in caustic-superheat environments

at 900°F.

Constant Stress and Constant Strain Rate Testing at 600°F - The suscep-
tibility of Incoloy 800 at 600

u
F in 3 and 5% caustic depends on the applied

stress and metallurgical conditions. The following metallurgical conditions
are listed according to increasing resistance to cracking:

A. Mill annealed

B. Sensitized

C. Grade I I , solution annealed

D. Cold-worked 25%

Figure 2 shows a time to fa i lure curve as a function of applied stress
for the reference condition, Grade П . * Figure 3 shows the integranular
caustic cracking which occurred in 5% NaOH, while the specimen was strained
at a constant rate of 10~5 per minute.

Constant Stress Test, 900°F, 1750 psi - Incoloy 800 was found quite re-
sistant to caustic cracking in the solution annealed condition when exposed
to superheated steam containing dissolved caustic. However, when sensitized,
highly stressed (2 50,000 psi) and exposed to an environment of particulated
NaOH in steam, the alloy fa i led intergranularly.

Corrosion Experiments under Heat Transfer - There are data available' 3 ) which
show Incoloy 800 to corrode at rates of about 1.5 greater under heat transfer than
under isothermal conditions. Experiments are now underway (started early September
1974) to define 2%Cr-lMo corrosion rates under heat transfer in superheated steam.

Reference
T P. D. Stevens - Guile; Steam Generator Tube Failures: World Experience in

Water-Cooled Nuclear Power Reactor During 1972, AECL-4753, March 1974, Chalk
River National Lab., Chalk River, Ontario.

2. H. A. Klein et al, A Filed Survey of Internal Boiler Tuye Corrosion in High
Pressure Utility Boilers, American Power Conference April 1971, Chicago,
Illinois.

3. W. L. Pearl & G. P. Wozadlo, Corrosion Vol. 21, 1965, P 260.

DECARBURIZATION STUDIES

The tendency for 2%Сг-1Мо steel to decarburize in sodium leads to a
progressive weakening of the material with concurrent carburization of
austenitic stainless steels in the same sodium system. The analysis presented
herein attempts to provide a prediction of decarburization rates for 2%Сг-1Мо
steel based on all the available (published) data. Ongoing experiments at
General Electric Company are intended to verify the analysis so as to provide
reliable extrapolations applicable to target design steam generator conditions.

Test data used in the analysis have been collected in both static and
flowing sodium systems. In general, test systems were constructed of austenitic
stainless steels, and in one instance, titanium getter material was used to
produce maximum decarburization rates. Since the degree of experimental details
reported in the literature varies, a procedure for the weighing of data was

* Grade II - Solution treated at 2100°F - ASME Code designation.

used. In general, the most heavily weighted data (Class A) were those for which|4Q
specimen dimensions and exposure conditions during testing (including time and
temperature) were well known; initial and final carbon contents of test specimens
were accurately determined and multiple time points were reported. The method
which has been used for analysis relates the carbon loss per unit area exposed
to sodium and the time of exposure by an expression of the form:

M = Kt*
2

where M = mass of carbon loss per unit area of exposed
specimen

t = exposure time
К = decarburization rate constant

Plots of M as,a,function of square root of time tend to produce straight l ine
relationships* ' (of slope K), consistent with the assumption of a diffusion
control process.

Figure 4 summarizes the relationship between decarburization rate constant,
K, and absolute temperature. The dashed l ine in the figure represents a best
linear f i t to the data while the solid l ine indicates an estimate of the upper
l i m i t of decarburization rate.

Experiments in Static Sodium
Tests of 2%Cr-lMo weld metal and base metal in titanium-gettered static

sodium are presently continuing to planned exposure times of 7,000 and 10,000
hours, respectively, to be completed by January 1975. Fresh titanium sponge
has been inserted into the sodium pot to assure a maximum decarburization
potential, thus assuring a conservative prediction of rates. These tests w i l l
y ie ld the longest time data obtained to date and provide some indication of
the long-time decarburization behavior. Since the carbon a c t i v i t y of 2%Cr-lMo
is expected to be sensitive to the type of carbide present, material in
different heat treated conditions may be expected to provide somewhat different
decarburization rates. Such an effect between?tiormalized and tempered and
annealed materials has been observed in Japan* ' and in recent GE tests,
further investigation is required to provide a more definite conclusion of this
effect. In addition to base metal, experiments are underway to determine
the decarburization rates of weld and weld affected zones. A 7,000 hour
decarburization expesure w i l l be completed by May 1975.

Experiments in Flowing Sodium
The simulation of the Intermediate Heat Transport System (Loop B) w i l l

provide a confirmation of the decarburization rates of 2%Cr-lMo in flowing
sodium at the hot leg temperature (about 500uC). The rates w i l l be determined
by measuring the change in bulk carbon content and the shape of the de-
carburization p r o f i l e in thin-walled (less than 0.02 inch) tubular samples.
The sodium velocity past the samples (10-20 ft/sec) and cooling rates (2OF/
inch) w i l l bracket the velocity ranges in the steam generator. Forty of the
one-inch long, one-inch diameter sections of tube w i l l be assembled on a
sampler holder which is placed inside of a sodium-to-sodium heat exchanger.

The surface area of 2^Cr-lMo exposed to the sodium in Loop В w i l l be
approximately equal to that of the stainless steel in this loop, the same
proportion as that in the Intermediate Heat Transport System of the CRBR.
Other tests parameters of interest are shown in Tables 2 and 3.

The monitoring of carburizing/decarburizing potential throughout Loop В
w i l l aid in the selection of surveillance specimens for carbon transport and
the location of the IHTS. Surveillance specimens must be located in regions
where the most severe carburization or decarburization is expected.
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TABLE 2

LOOP В TEST PARAMETERS

Design temperature

Operating temperature

Design pressure

Operating pressure

Flow rate Primary loop

Secondary loop

1220

950

50

30

10

7

F
F

psi

psi

gpm
gpm

Run

Bl

B2

B3

B4

B5

B6

B7

Hot leg

1100

950

Temperature
Cold leg

900

750

1
1

TABLE

RUN PLAN FOR

(OF)

Cold trap

250

250

3

LOOP В

Time

At

400

400

400

800

1600

3200

6400

12800

(hours)
г
сшп

400

1600

2000

2800

4400

7600

14000

26800

Comments

Loop aging run

Decarburization run
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NONDESTRUCTIVE EXAMINATION REQUIREMENTS & PROGRAMS

Requirements for Nondestructive Examination (NDE) for the CRBR Intermediate
Heat Transport System include materials certification, qualification and
control of fabrication processes and equipment, inspection of the assembled
components and finally procedures and techniques for inservice inspection
of components.

In many cases, existing NDE techniques will be adopted directly to
geometries of interest with appropriate application of acceptance standards.
In other cases, specific techniques must be developed to either improve the
capabilities of comercially available equipment or the introduction of new
reliable methods. A specific task has been initiated to provide the technical
management necessary for the development and coordination of NDE methods
specifically focused toward the reference designs and materials. Table 4
summarizes the Nondestructive Examination requirements for Intermediate
Heat Transport Systems.

Examination of Tubing Quality
Tubing specifications for the steam generator are summarized in Table 5.

Ultrasonic Eddy current techniques have been tentatively selected for use
in certifying tubing quality. Inspection level is 100% for tubing with
rejection criteria of 3% or 0.003" of the wall thickness (whichever is the
greatest).

Available ultrasonic techniques with existing equipment are considered
most sensitive for the reference alloy as eddy current requires the application
of magnetic saturation which is likely to reduce sensitivity. Ultrasonic
techniques developed during the past 7 years in the fuel clad qualification
program will be fully utilized to take advantage of the concepts developed.
The standard notches which are to be used to calibrate the ultrasonic
instruments will be 0.250" long and will involve "statistical gating" using
notches of varying depths. Multiple transducer locations will be selected
normal and transverse to the tubing axis. Tubing lengths of 70 feet must be
rotated in specially constructed jigs.

There is considerable concern that very small leaks will escape detection
when using ultrasonic or liquid penetrant and for this reason the specifications
also calls for helium gas inspection by means of a a mass spectrometer which
can detect through the wall defects with leak rates to 10~9 cc/sec.

Examination of Tubesheets
It is critical that the tubesheet forgings are free of inclusions and

porosity at the region where the tubes are to be connected to the tubesheets
by means of fusion welding. The techniques listed in Table 4 must be applied
with care and high degree of reliability. Once surface flaws are detected, it
is desirable that these be repaired prior to final machining of protrusions
where the weld is to be made.

To obtain the best possible forging cleanliness, it is desirable to use a
melting process that eliminates residual gases and inclusions, such as vacuum
arc or electroslag remelting. Forgings will be inspected for cleanliness to
insure absense of surface as well as volumetric inclusions.

Ultrasonic inspection is judged to be the preferred method as eddy current
techniques will require saturation of the ferritic material with some loss in
sensitivity.

Examination of Tube/Tubesheet Welds
Welds will be made by means of a bore-side rotating tungsten electrode

using inert gas fusion (autogenous) techniques. The weld design was chosen
so as to offer fully radiographable fusion and heat affected zones, Figure 5.
In addition to a radiographic method of inspection, it will be necessary to
use an alternate technique. Current development programs at ORNL and GE
will yield the necessary information for a decision of an alternate technique
by January 1, 1975. Suggested methods are ultrasonic, eddy current, dye or
florescent penetrant or acoustic emission. The presence of the cast structure
and surface irregularities at the weld zone reduce the sensitivity of ultra-
sonic or eddy current methods. Liquid (dye) penetrants are difficult to
apply, inspect and remove after inspection, where as acoustic emission is
still in its infancy of development.

Radiographic techniques are now under active development at ORNL, aimed
specifically toward the geometries of interest to date. X-ray and isotopic
techniques have received equal attention. Thulium isotopic sources 15 mil
(0.015 inch) diameter are now being considered, but sources used to date are
30 mil in diameter. In comparative studies using parametric tests, the X-ray
anode was found to have higher sensitivities than any of the isotopic sources
used. Table 6 shows the results obtained to date from radiographic studies.

Thulium isotopic source (Tm - 170) used was 4 curies in intensity with a
half life of 127 days. The small diameter rod-anode X-ray machine used was
operating at 80 KVp and 20 microamperes with focal spot of 0.3 mm or 12 mils
(0.012 inches). The tests were performed on a simulated tube to tubesheet
weld geometry constructed for the purpose using the reference alloy. In both
techniques, the energy source was placed in the inside diameter and the photo-
graphic film at the outside diameter of the weld.

Analysis of the results obtained (Table 2.10, ORNL-TM-4620, p. 51) show:
A. X-ray radiography unit was more sensitive by at least a factor of 2

over the isotopic probe.
B. As the exposure time decreased (depending on film type used for

recording) the X-ray unit sensitivity was better than the isotopic source
by factors of 2 to 4.

C. То obtain the sensitivities shown for the isotopic source, the
exposure times were very long. Radiography of 40,000 welds becomes problematical
when exposures of 30 minutes will require about 3 years to complete. Set up
time must be added to exposure periods.

Reading X-ray films obtained by any of the techniques considered can be
cumbersome and a possible source of ambiquity when interpretating the results.
Film image enhancement techniques and instrumental readout methods are now
being considered for use during the final assembly of the CRBR steam generator
units.

In-Service Inspection
The purposes of the In-Service Inspection (ISI) is to verify the condition

of the sodium-steam water boundary, shell-side boundary, and shell welds, the
condition of internal components after a large leak and the possible location
of small pin hole leaks which are self-plugged. The information obtained is
essential for the trouble free operation of the plant.

All of the ISI will be accomplished by nondestructive examination techniques,
but it will be augmented by a thorough and well-planned materials surveillance
program which will involve strategic placement of surveillance coupons through-
out the system. Periodic ISI of tubes and tubesheet welds will be necessary



to determine integrity. Among other things, the following will be of particular
interest:

A. Steam tube wall thicknesses to monitor corrosion effects of wastage.
B. Tube thickness at selected locations to monitor possible fretting or

wear at the tube support locations.
С Verification of tube to tubesheet weld integrity.
D. Determination of oxide scale especially in the region where DNB may

occur in the evaporator.
Two methods are now being evaluated for in-service inspection of steam

generator tubing, ultrasonic and eddy current. Tests of an ultrasonic
inspection system were conducted by Atomics International using the MSG
(Module Steam Generator) tubing. The results showed that "flats" of wear
(equivalent to 0.003" wall thinning) at tube support posts and surface pits
of certain size (0.5 long by 0.02 in deep) could be detected with an in-bore
probe capable of traversing the 90°C bend in the MSG design. Ultrasonic methods
require liquid coupling between the transducer and the piece being inspected,
thus necessitating the presence of water (flooding) during inspection of steam
generators. There is some concern when allowing water in contact with air to
remain in the tubes, as dissolved oxygen may trigger pitting corrosion. On the
other hand, the water surface exposed to air from each tube is very small and
precautions are possible to minimize or even eliminate pitting.

Eddy current technique development is underway in case the ultrasonic
techniques prove unacceptable. Probes, which are to be used to reach the entire
tube length, must be capable of going through the 90° bend of the "hocky stick"
Reference design. The presence of oxidation scale (steam side of the tubes) and
the sodium residues (outside diameter of the tubes) present additional problems
of sensitivity.

Means for determining the condition of waterside oxide in the evaporator
are straight forward, provided that visual examination is done reliably. A
possibility exists that high resolution fiber optics can be used (to over-
come the need to insert probes past the 90° bend) for the visual examination
desired and these are now under consideration within the matrix of the develop-
ment program.

Although the location of large leaks can be accomplished by shell side
pressurization and sniffing, the location of suspected small leaks will be
much more difficult. Very small leaks have been found to self-plug and,
therefore, difficult to detect by standard methods of leak or flaw detection.
Such small defects may exhibit wastage in their vicinity on the waterside
and visual determination may be possible by using high resolution fiber optics.
A program now underway at GE is aimed toward indepth characterization of small
leak behavior.

Table 4 CLINCH RIVER BREEDER REACTOR STEAM GENERATOR

COMPONENT ITEM METHOD

NON-DESTRUCTIVE EXAMINATION REQUIREMENTS

CAPABILITY IN PLACE
DEVELOPMENT
REQUIRED REMARKS

Tubing

Tubesheet

Tube-Tubesheet
Welds

Field Welds;
Connections

In-Service
Inspection

Tubesheet -
Shell Welds

Ultrasonic

Eddy Current

Leak Testing

Ultrasonic
Visual
Liquid Penetrant

Isotope Radiography
Х-Ray Radiography
Eddy Current
Borescope
Ultrasonic

Radiography
Liquid Penetrant

Eddy Current
Ultrasonic
Borescope

Fiber Optics

Х-Ray Radiography
Liquid Penetrant

Yes (low level
effort)

Yes (low level
effort)

No

Yes
No
No*

Yes
Yes
Yes
No*
Yes

No*
No

Yes
Yes
Yes (low level

effort)
Yes

No*
No

GE, HEDL, Vendors, ORNL

GE, HEDL, ORNL, Vendors

Vendors, ORNL
Equipment or other
methods being developed

Vendors
Vendors

No capability in place.

Methods being developed

Vendors
Vendors

Apply existing methods
to specific design

Critical area. Methods
to be applied to specif
fie design.

Most Critical Area -
Work now focused on
reference geometry

Development underway

Work initiated

Work initiated

* Specifications needed.



TABLE 5

COMPARISON OF ASME CODE AND RDT M3-33 REQUIREMENTS

Material

Composition

Heat Treatment

Surface Condition

Dimensional
Tolereance OD

RDT M3-33

VAR/ESR

.07/.11 C. low residuals

Annealed

Light treatment oxide
63 micro inches

SA213

Electric Furnace

0.15 С max.

Annealed or normalize
& temper

Free from seal

±0.004"

Table 6

Summary o f Notch* Resolution f o r Various Film/Screen Combinations, Using the Rod-Anode

X-ray Unit and Thulium Source i n .Simulated Tube-to-Tubesheet Samples

200

+0.005"

-0

Wall thickness

Check Analysis

Tensile
Properties UTS (KSI)

.2% YS (KSI)

% Е

Hydrostatic

Quality Assurance

NDE Ultrasonic

Liquid Penetrant

Eddy Current

Microcleanliness

Decarburization

Nondestructive Testing of Bi-roetal Transition Joints (welds)
The transition joints are required for connecting the 2fcCr-lMo reference

materials used for the steam generators to the austenitic piping leading to
the Intermediate Heat Exchanger. These joints wi l l be located In the IHTS
piping system external to the steam generators, made in the shop as "spool
sections", then f i e l d welded on either side where a similar alloy j o i n t
weld w i l l connect these to the system. Visual, ultrasonic and l iquid
penetrant nondestructive examination techniques w i l l be applied; but these
must be calibrated to the jo int designs and geometries selected. The basic
techniques for welding dissimilar alloys w i l l be developed at ORNL. Actual
weld qualifications to satisfy the ASME code must be accomplished at the
fabricators shops where the joints are to be made.

+0.010"
-0

5% of tubes

60-80

30 min

30 min

In addition
(22,500 psi

RDT F2-4 NA

3% or 0.003"
control

0D and ID, no

3% or 0.003

Required

<5% o f w a l l

to NDE 4500 psi
fiber stress)

3700 (1/1/75)

statistical

indications

+0.

-0

002"

1 per heat

60

30

20

In
psi
psi

NA

20

Not

I n

Not

Not

min

min

min

lieu of NDE 1000
or up to 24,000
fiber stress

3700 (1/1/75)

% or 0.004"

specified

liew of ultrasonic

specified

specified

Film Jype

M

T

AA

% Sensi-

tivity

Exposure

Time (Min)

% Sensi-

t ivity

Exposure

Time (Min)

% Sensi-

tivity

Exposure

Time (Min)

I n t e n s i f y i n g Screens

Pb02Front and Back

RocTAnocle

l a

14

1

6

1

2*

Thulium

2 b

70

4 C

34

4

16

0.005-in.-Pb Front and О.ОЮ-in.-Pb Back

Rod Anode

1

8

1

6

2

Thulium

2

38

4

22

6 d

13

No Front Screen
PbO? Back
Rod Anode

1

6%

2

4

2

24

Thulium

2

123

2

68

2

33

*Notch depths of approximately 0.0015, 0.003, 0.006, and 0.009 I n .
a U - Imaged a l l four notches.
b2% - Imaged only 0.003-, 0.006-, and 0.009-1n. notches.

H% - Imaged only 0.006- and 0.009-1n. notches.

d6* - Imaged only 0.009-in notch.

Reference: ORNL - TM - 4620 Pg. 5 1 .
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INPUT TO DESIGN

The final product of all experiments which are focused toward the develop-
ment of steam generator are provided to the designer in the form of specific
correlations which are entered into Nuclear Systems Materials Handbook. The
objective is to establish a basis for design which is consistent with all avail-
able data, has received wide and detailed reviews from experts in each of the
technological areas and that each recommendation has a consenus agreement among
the expert reviewers. A given correlation with the above characterizatics is
most likely to be acceptable to the designer, has his confidence, and requires
no further persuasion for him to use these design recommendations.

Each correlation is divided into two parts. The first part consists of
a single or a series of graphs or algebraic equations, recommended for direct
use in designs. Part II is the rationale used to arrive at the recommended
correlations. The rationale portion contains all data used to arrive at the
correlations including the analytical techniques used to treat the data. Part
II serves as a backup document to design, provides complete record of the
thought process and data used in the correlation, and in general, serves as
a depository and handy reference for each topic.

The correlations are produced by working committees under a chairman
who is responsible for the technical content. Because it is highly important
that a consensus is obtained, the chairman must resolve all technical differences
in the interpretation of existing data. The resulting recommendation for
inclusion into the Handbook is then submitted to an advisory committee comprised
of materials and design specialists. The advisory committee activities are
necessary for the compilation and issuing of the Handbook.

The design property lists for 2%Сг-1Мо are shown in Table 7. Preliminary
information will be available for all subjects shown in the Table by December
1974.

REFERENCE TUBE-TO-TUBE SHEET W E L D JOINT

WELD JOINT

TABLE 7

DESIGN PROPERTY LISTING FOR 2?sCr-lMo STEEL

SUBJECT COMMENTS

Figure 5

1. Chemical Composition

2. Product Form and Applicable
Specifications

3. Minimum Room-Temperature
Mechanical Properties per
RDT Standards

4. Mechanical Properties
(a) Ultimate tensile strength

and true fracture stress

(b) Yield strength (0.2% offset)

(c) Proportional l imit

(d) (1) Total elongation

(e) Uniform elongation

(f) Reduction 1;n area

(g) Young's modulus (static
and dynamic)

(h) Shear modulus

( i ) Poisson's ratio

( j ) Charpy impact values

(k) Brittle-to-ductile
transition temperature

(1) Hardness

(m) Subcritical crack growth
rate

(n) K
c
 values

(o) Energy per unit volume at
failure in the necked region
(area under stress-strain
curve)

(p) Stress rupture

(q) Minimum creep rate

Referenced to appropriate ASTM, ASME, and RDT
Specifications

All product forms will be included and referenced
to appropriate ASTM, ASME and RDT specifications

None

Expected values will be determined by regression
analysis; maximum and minimum values will be
defined by upper and lower tolerance limits.
Values from room temperature to 1100°F

As 4(a)

As 4(a)

As 4(a) tensile data

As 4(a) creep data

As 4(a)

Expected value; f(T),
in 50°F increments

room temperature to 1100°F

As 4(g)

As 4(g)

Expected value; 0 to 700°F

Expected value

Expected value and confidence limits; f(T) room
temperature to 1100°F

Expected value and limits; f(T) room
temperature to 1100°F

In the transition and upper shelf temperature
range of Charpy V-notch results

As 4(m)

Expected, minimum, and maximum values
700 to 1100°F as F(T,a)

As 4(p)



Design Property L i s t i n g f o r 2JsCr-1Mo Steel (Continued)

SUBJECT COMMENTS

(r) Time to start of tertiary creep As 4 (p)

(s) Total creep strain (iso-
chronous relationship)

(t) Creep equation

(u) (1) True-stress-true-strain
relationship

(u) (2) True-stress-true-strain
relationship

(v) Effect of i on o-e

(w) Fatigue (low cycle)

(x) Fatigue (high cycle)

(y) Fatigue creep interactions

(z) Relaxation

5, Physical Properties

(a) Instantaneous coefficient
of thermal expansion

(b) Mean coefficient of thermal
expansion

(c) Thermal conductivity

(d) Specific heat

(6) Thermal diffusivity

(f) Emissivity

(g) Density

Expected, minimum, and maximum values.
700 to 1100°F as f(T,t,a). Both conventional
creep and isochronous curves will be given.

For temperatures of 700 to 1100 F

Expected, minimum, and maximum values, с to 5%,
room temperature to 1100°F. Monotonic

Cyclic and saturated conditions

Expected, minimum, and maximum values.
Е to 200 in./in./sec, room temperature to
1100°F

Expected, minimum, and maximum cycles to failure.
Effect of straip range to 5%. RT to 1100°F

i-3 irin/in/sec

0°F. Strain rate 10"
5

to 10"-
3
 in/in/sec

Effect of strain range, frequency, hold time,
i. 700 to 1100°F

Strain rate 10~
b
 to 10-

Robm temperature to 1100°F.
tn 1П-3 in/in/cer

Expected values. 700 to 1100°F

Although it is generally understood that
mechanical properties are dependent upon
metallurgical condition, and therefore,
product form and thermal history (heat
treatment), it may not be as commonly
appreciated that most physical properties
are, if anything, even more sensitive to
these parameters.

Expected values as f(T) from room temperature
to 1100OF

As 5(a)

As 5(a)

As 5(a)

As 5(a)

As 5(a)

As 4(a)

Design Property Listing for 2%Cr-1Mo Steel (Continued) iO2
SUBJECT

6. Wear Properties

(a) Coefficient of static
friction

(b) Coefficient of kinetic
friction

(c) Others

7. Environmental Effects

(a) Sodium-side corrosion

(b) Water-side corrosion

(c) Air-side corrosion

(d) Decarburization

(e) Sodium-side deposition

8. Property Changes

(a) Decarburization effects

(b) Time/temp, effects

9. Other

(a) Phase diagram

(b) Time-temperature-
transformation curves

COMMENTS

It is essential to present design data
related to wear. However, the materials
combinations which will be involved are
dependent on steam generator design. Steam
generator manufacturers should supply this
information.

Expected values as f(t) from rrom temperature
to 1100°F

As 6(a)

As specified by steam generator manufacturers

and erosion as f(T, t, impurities).
Expected, minimum, and maximum values. To 1100°F

Corrosion and erosion as f(T, t, water chemistry,
velocity, steam quality). Expected, minimum,
and maximum values. To 1100°F

Corrosion as f(T,t) to 1100°F

Carbon content as f(T, t, distance, initial
carbon content); equilibrium carbon content.
Expected, minimum, and maximum values.

Deposition as f(T, t, impurity content,
location) thermal conductivity of deposit
Expected minimum values to 1100 F

Effects of carbon content and gradient on
mechanical behavior as deemed necessary by
GE, ORNL, and steam generator manufacturers.

Effects of time, temperature, corrosion, and
environmental factors on mechanical and
physical properties of interest. This subject
will be pursued to the extent possible with
existing information.

None

None


