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MATERIALS AND STRUCTURES PROBLEMS are central
to many c r i t i c a l issues concerning t.ie eco-
nomic competitiveness, re l iab le performance,
and safety of liquid metal fast breeder reac-
tor (LMFBR) power plants.

Like their predecessors the l ight water
reactors (LWRs), LMFBRs are expected to
operate with high ava i lab i l i ty for 30 to 40
years in potential ly corrosive environments
and high radiation f i e l d s . In addition,
UIFBRs, unlike LWRs, must operate at tem-
peratures where creep e f f ec t s are signif icant
and under conditions which subject place com-
ponents to large and repeated thermal tran-
s ient loadings. Information on the adequacy
of design methods and the behavior of struc-
tural materials under these conditions i s
being generated from the construction
experience and operation of LMFBR plants
worldwide. Although operation has generally
been successful , several reported failures of
structural components have pointed the way
for additional needed work. For example,
creep-fatigue cracking due to severe cycl ic
thermal transient loadings has occurred in
several components, usually in weldments.
Steam generator fai lures have been par-
t i c u l a r l y prominent, and these have been
attr ibuted to structural design def ic iencies ,
fa t igue , improper heat treatment, and unde-
tected defects in welds from less-than-
optimum fabrication procedures-

In view of these considerations, the
U.S. Department of Energy has sponsored for
many years a national LMFBR materials and
structures program. This program currently
i s administered by the DOE Office of Breeder
Technology Projects and uhe DOE Oak Ridge
Operations Office; i t i s technical ly managed

•Operated by Martin Marietta Energy Systems,
I n c . , under contract DE-ACO5-840R21A00 with
the U.S. Department of Energy.

by the Materials and Structures Technology
Management Center at the Oak Ridge National
Laboratory. Seven industr ia l and governmen-
t a l contractor organizations directly par-
t i c i p a t e in the program.

The objectives of the program are (1) to
provide the technological basis for assuring
that LMFBR components and systems w i l l be
free from s igni f icant structural fa i lures
during their design l i fe t imes and (2) to
develop materials, design methods and c r i -
t e r i a , materials property data, and proce-
dures — a l l aimed at providing for broad
f l e x i b i l i t y in LMFBR component and system
design and operation.

Technology areas included in the program
are high-temperature structural design;
seismic design; mechanical properties design
data; fabrication; trlbology ( f r i c t ion , wear,
atJ self-welding); coolant technology (sodium
and steam/water); advanced structural a l l oys ;
and nondestructive t e s t i n g . The f i r s t two
areas are categorized as Structural Design
Technology and the remaining s ix as Materials
Technology.

The products of the program are reports,
design guideline documents, contributions to
codes and standards, and a repository for
design data which contains data correlations
and supporting information covering a wide
range of• mechanical and physical properties .
Many aspects of the technologies being deve-
loped are applicable to other advanced energy
systems, including the high-temperature gas-
cooled reactor, fusion energy devices, coal
conversion plants, and solar energy conver-
s ion equipment-

I t i s the purpose of this paper to i n d i -
cate briefly for each of the program's tech-
nology areas the object ive , the scope, and
some signif icant accomplishments. Future
directions for the program are also
discussed.



STRUCTURAL DESIGN TECUN0t.0C.1t

Included In t h i s category are hlgh-
teoperature structural design (HTSD) tech-
nology and s e l s n l c dealgn technology,
; i ; j HIGH-TEMPERATURE V "STRUCTURAL- DESIGN
TECHNOLOGY :--v The UTSD technology area la
being developed .Co more 7e f f ec t lve ly respond
t o the '.'.'.unique challenges presented by the
LMFBR.' These challenges a r i s e not only from
the high operating temperatures where creep
occurs , but a lso from the l a r g e , rapid tem-
perature changes that can occur tn l iqu id -
metal systems. Particular emphasis Is placed
on guarding again3t fa i lure by the, accumu-
l a t i o n of creep and fat igue damage, creep-
enhanced ratchet t lng , creep buckling, and
environmental enhancement of low—temperature
f a i l u r e mode3. Predict ive methods and asso-
ciated verified design criteria are being
developed to provide adequate margins of
safety against rupture or excessive defor-
mation by the identified failure modes.

The HTSD technology area consists of
three interrelated task elements: (i.) deve-
lopment of neu or Improved design analysis
methods and criteria for guarding against
structural failures, (2) experimental valida-
tion of the products of the development task
element, and (3) application of validated
design methods and criteria through transfer
of the technology in the form of guidelines,
procedures, and standards to ASME code
bodies, consensus standards organizations,
reactor and component manufacturers, and uti-
l i ty organizations.

Development — This task i s multifaceted,
embracing the areas of (1) inelastic design*"
analysis methods, which is primarily con-
cerned with the development and validation of
mathematical descriptions (constitutive
equations) of inelastic material behavior for
use in design analysis; (2) design criteria
and rules for precluding time-dependent
failures; (3) weldment design methodology;
(4) confirmatory structural assessments for
judging the adequacy of the developing high-
temperature structural design methodology;
and (5) simplified design methods for
reducing the cost and time of design analy-
s i s . A number of high-temperature test faci-
l i t i e s have been built and measurement
devices developed for accurately obtaining
structural test data and exploratory uniaxial
and multiaxial material behavior data.

In the area of inelastic design analysis
methods, constitutive equations, and guide-
lines for their use, have been formulated and
periodically improved for the three major
LMFBR alloys — types 304 and 316 stainless
steel and 2-1/4 Cr—1 Mo steel . The capabi-
l i ty of these equations to describe the key
betu vioral trends has been confirmed by a
significant body of uniaxial and multiaxial
expiratory test data. However, some rela-
tively minor behavioral features are not

described as uell as desired. Accordingly,
efforts are underway to further Improve the
existing equations and to establish Improved
alternative equations. For example, a non-
linear, combined klnematlc/lsotroplc -plasti-
city theory has been formulated and Is being
assessed aa an Improvement within the
existing framework. In addition, a new
unified theory, which does not distinguish
between rate-dependent plasticity and time-
dependent creep, has been developed.

In the time-dependent failure criteria
area, damage accumulation rules and multi-
axial strength theories have been developed
for use in establishing criteria for pre-
cluding failure by creep rupture oc creep-
fatigue. Two Interpretive reports on
creep-fatigue have been published, and a
significant body of uniaxial and multiaxial
creep-rupture and creep-fatigue data hns been
generated for the three major LMFBR alloys.
These data have been . used to assess both
current and potential damage accumulation
rules and multiaxial strength theories. They
have also provided a basis for developing
improved theories and- identifying problem
areas and future directions.

More tha'n 50 high-temperature structural
assessment tests have been performed on
geometries ranging from simple beams and
plates to nozzle-to-spherical shell attach-
ments. Teat conditions have ranged from
constant temperature and monotonic loading to
highly transient thermal-mechanical cyclic
loads. Data from the tests have been com-
pared with deformation predictions and, where
appropriate, with failure predictions from
inelastic structural analyses using existing
and proposed constitutive equations and
failure criteria. The comparisons have shown
that, in most cases, inelastic analyses are
capable of predicting essential behavioral
features in the relatively simple test struc-
tures. An example of an acceptable correla-
tion is shown in Fig. 1 for a type 304
stainless steel nozzle-to-spherical-shell

"experiment at 593°C (1100°F). All test data
are available to computer code developers and
design analysts for use in benchmark problem
calculations for code verification and quali-
fication.

In the weldment area, emphasis is placed
on the development of simple and explicit
design rules that wil l assure structural
integrity. Design factors for welds are
being evaluated through fatigue and creep-
rupture tests of welded structures. A long-
term test of a welded pipe subjected to
repeated thermal transient loadings i s
included in the testing program.

Existing simplified disign methods are
largely based on either the inelastic
response of a symmetrically loaded thick-
walled cylinder or the elastically predicted
response of the actual structure being evalu-
ated. The current effort Is aimed at further



Fig. 1 - Experimental setup for determining
the Inelastic behavior of a nozzle-to-
spherlcal-shell junction with results
showing measured and predicted values for
type 304 3tainless steel at 593°C (1100°F).

Improving the existing procedures and pro-
viding a demonstration of the applicability
and limitations of the methods for specific
design situations, which are usually three
dimensional, not symmetrically loaded, and
inelastic* Bounding methods are also being
pursued.

Validation — The validation task is
based on assessments made from testing and
analyzing specimens that range from simple
configurations, used to separate out the
effects of specific assumptions, to full-size
components and prototypic conditions, used to
validate the total design analysis procedure.
The principal objectives are to (1) validate
methods for predicting crack initiation and

propagation under cyclic thermal loading con-
ditions and steady creep at elevated tem-
peratures; (2) validate ':he proposed con-
stitutive 'equations under raulttaxlal states "
of stress; (3) determine the factors affect-
ing strain: at failure•'•'?in base"metal and
welds, Including the effects of geometrical
discontinuities; (A) validate detailed and
simplified methods for predict ing deformation
and buckling*of piping components; (5) develop
benchmark data for the validation of analysis
methods for pipe clamps; (6) characterize
elastic followup behavior In piping loops;
and (7) validate analysis procedures for
creep—ratchetting in two- and three-
dimensional configurations for pressure
vessel components.

Application — This task is devoted to
technology transfer. This important function
Is performed In close association with
ongoing LMFBR design activit ies so that
design needs can be identified and fed back
into the HTSD development and validation
tasks. The principal effort is on piping
design methods, design codes and standards,
methods for structural evaluation, and com-
puter programs for design-

Participants in this task have contri-
buted to about 20 revisions of ASME Section
III Code Case N-47 (ref. 1) and to several
issues of supplemental design rules and
guidelines for the three major LMFBR alloys.

SEISMIC DESIGN TECHNOLOGY - In this
technology area improved seismic design
methods, procedures, and criteria are being
developed and validated. The purpose is to
more accurately predict earthquake-induced
motions and loads imposed on building struc-
tures and shells, piping and supporting
structures, reactor and in-core components,
vessels, and other items of plant equipment.
The work includes ground motion definitions
and soil/structure interaction models-

Early In the 1970s when design activi-
ties were underway for the Fast Flux Test:
Facility (FFTF)*, i t became clear that the
seismic design technology used for LWR
nuclear plants was not directly applicable to
LMFBR plants. In fact, the seismic design
rules used for LURs have been shown in some
cases to be overly conservative for LMFBR
designs. For example, i t has been estab-
lished that the thinner wall, more heavily
insulated LMFBR piping has inherently higher
damping properties than LWR piping. In addi-
tion, guidelines have been developed for
locating seismic restraints on LMFBR pipe-
lines that lead to a reduction of about 50Z
in the number of snubbers required for new
LMFBR plants relative to those designed in
the 1970s.

*The FFTF is a 400 MH(th) sodium-cooled test
reactor at the Hanford Engineering Develop-
ment Laboratory In Hanford, Washington.



MATERIALS TECHNOLOGY

The fo l lowing areas are covered In the
Mater ia l s*Technology p o r t i o n of the program:
mechanical properties design data, fabrica-
t ion, trlbologyt coolant technology, advanced
structural alloys, and nondestructive testing.

. : MECHANICAL PROPERTIES DESIGN DATA - The
objective of this technology (area :is : to
develop an elevated-temperature mechanical
properties data base for the design of LMFBR
power plants with service lifetimes to 40
years.

The data base provides direct support to
designers and to developers of high-
teraperature structural design methods. It
also serves as the basis for licensing and
regulatory decisions, safety analyses, opera-
tion and maintenance procedures, and In-
service Inspection cr i ter ia . The data are
provided to the ASME Boiler and Pressure
Vessel Code for use In Code Case N-47 of
Section III (ref. 1) and to nuclear energy
standards.

The scope of the testing program ranges
from exploratory tests for determining
characteristic deformation and failure beha-
vior to the ful l -scale acquisition of engi-
neering mechanical properties data. The
materials tested are those used in the reac-
tor system (excluding fuel cladding and duct
a l loys) , the reactor enclosure system, the
primary and intermediate heat transport
systems, and the steam generator system.
Specifically, they are as follows: wrought
types 304, 316, and A-286 stainless s teels;
CF-8 and CF-8M stainless steel castings;
types 308, 316, and 16-8-2 stainless s tee l
weld metals; 2-1/4 Cr— 1 Mo and modified
9 Cr—1 Mo steels; and alloy 718.

The principal emphasis i s on the develop-
ment of a reference data base in air. In
a less extensive testing effort, the effects
of system environments — sodium, water/steam,
and radiation — on the reference data base
are assessed. The mechanical properties
determined are tens i le , creep, creep-rupture,
fatigue, creep-fatigue,, corrosion fatigue,
fatigue crack growth rates, and fracture
toughness.

Reference Data Base — The reference data
base consists of mechanical properties deter-
mined in air. I t includes the effects of
important metallurgical variables such as
heat-to-heat variations, forming method, and
thermomechanical treatment. Some highlights
of the results of work performed in develop-
ing the reference data base are summarized
below.

It ha3 been shovn that small reductions
in grain size can dramatically improve the
creep, creep-rupture, high-cycle fatigue, and
creep-fatigue properties of austenltic
stainless s tee l s . In the case of the high-
cycle fatigue of type 316 stainless s tee l , a
decrease In grain s ize corresponding to a
difference of only one in the ASTM grain size

TYPE 316 STAINLESS STEEL :
B6G K I593-Ct

mil

number ( I . e . , 3.5 vs 4.5) resulted in an
order-of-magnltudu Improvement. It has also
been determined that for high-cycle fatigue
applications of type 316 stainless s tee l the ,
maximum allowable strain- Is -substantially j
greater than that previously specified.

] An elevated-temperature;fracture tough-
ness test program has been carried put on
type 304 stainless "aiteeli It .uas determined
that the requirements for inspect Ion and sur-
veillance of austenltic stainless steel
structures and components can be s ign i f i -
cantly reduced relative to those previously
established on the basis of room-temperature
Charpy impact' properties.

A much-needed data base for the long-
term use of the stainless steel casting
alloys CF-8 and CF-8M is being developed.
These alloys are not included in ASME Code
Case N~47 primarily because of the lack of
mechanical properties data. In recent
studies i t was shown that the extensive
fatigue-crack growth data base for wrought
austeultic s tainless steels i s applicable to
the CF-8~;andj;F-8M alloys.

An.': excellent review of the relation of
microstructure and mechanical properties for
types 304 and 316 stainless s tee ls was
published recently.by Horak et al .*

Effects of Sodium and Water/Steam
Environments — For sodium conditions relevant
to LMFBR operation i t has been shown that the
mechanical properties of the LMFBR structural
alloys In sodium are equal to or superior to
the same properties in a ir . ' ,4 Examples are
shown in Fig. 2 for the fatigue l i f e of type
316 stainless s t ee l and in Fig. 3 for the
fatigue l i f e of 2-1/4 Cr-1 Mo s tee l .

The considerable amount of Information
that has been developed in the fo s s i l energy
and LWK programs on the effects of water/
steam environments on the mechanical proper-
t ies of 2-1/4 Cr—1 Mo steel is applicable to '
LMFBR steam generator systems as 56
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Fig. 2 - Fatigue life of type 316 stainless
steel in air and in sodium at 593°C (U00°F).
(Ms In the legend stands for megaseconds).
(Ref. 3)
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Fig. 3 - Total strain range versus cycles
to failure for lsothennally annealed
2-1/4 CT - 1 Mo steel In sodium at 482°C
(900°F) and 593°C (11OO°F) and in air at
427°C (800°F) and 593°C (1100^). (Ref. 4)

Effects of Irradiation — The effects of
neutron Irradiation, both atomic displace-
ments and neutronically produced helium, are
being determined to establish neutron expo-
sure limits for out-of-core structures and
components such as the core-support and core-
former structures, the upper internals
system, flow control modules, in-vessel fuel
handling equipment, the reactor vessel, and
the reactor guard vessel.

I t has been demonstrated that signifi-
cantly higher neutron exposures are per-
missible for out-of-core structures of types
304 and 316 stainless steel than those pre-
viously allowed. The higher limits are based
on data from tests with low-energy neutrons
prototypical for these applications; the pre-
vious limits were based on results from irra-
diations with high-energy neutrons more
typical of those encountered by fuel cladding
and ducts. These results have led to the
specification of longer component lifetimes
and reduced shielding requirements.

Current emphasis in this task area is on
(1) the tensile and creep-rupture properties
of Irradiated types 304 and 316 stainless
steels and their weldments at temperatures
where helium can agglomerate to produce
significant reductions in strength and duc-
t i l i t y , and (2) the tensile and fracture
toughness properties of these materials after
irradiations corresponding to end-of-life
values of displacements per atom ranging from
0.5 to 5.

' FABRICATION TECHNOLOGY - There are two
major tasks In thi3 technology area: (1) the
development of stainless steel weld metal
with improved creep strength and ductility,
and (2) the development and evaluation of
aus tenltic-to-f erri tic s tael trans ition joints.
The products are process specifications and
improved procedures and equipment for commer-
c ia l applications.

Improved Stainless Steel Welds — To
minimize the tendency of fully austenitic
stainless steel welds for hot-cracking and
mlcrofissuring, the weld-metal compositions

for this class of alloy a are generally
modified to produce small .imountu of delta
ferrltu (usually i to 7 vol '£). However,
after extended periods at high temperatures,'
the ferrlte phase can transform to brittle
iuturmetdlllc phases, the presence of which
significantly Impairs the creep-rupture prop-
erties (both strength and ductility) of the
welds relative to those for;wruught-anuealed
material.

The ASMS Upllur and Pressure Vessel
Code, Section 111, requires substantially
lower allowable design strains for austenitlc
stainless steel welds and specifies stress,
reduction factors for those welds in com-
ponents where creep effects are significant.
In view of this situation, a program with a
commercial manufacturer was initiated several
years ago to develop austenitlc stainless
steel weld metals with improved creep proper-
t ies . These alloys contain controlled resi-
dual elements (CRK) — specifically, higher-
than-normal concentrations of titanium,
boron, and phosphorous. The improvement in
creep-rupture properties of type 308
stainless steel welds containing CRK i s shown
in Fig. 4.

TYPE 30S STAINLESS STEEL WELD METAL
CUE
CONVENTIONAL

RUPTURE LIFE In) |

Fig. 4 - Comparison of average rupture l i f e ,
at 649°C (1200°F) of type 308 controlled j
residual element (CRE) weld metal and cor- i
ventional type 308 weld metal for gas' •
tungsten-arc (GTA) and submerged-arc (SA) |
welds.

Transition Joint Development — Ferrltic/
austenitic dissimilar metal weld (DMW)
failures have been regarded as a serious
problem in the fossil-fired power industry
since the early 1950s. However, evidence
from service experience and laboratory
testing has not conclusively shown why DMWs
fail sooner than similar metal welds and base
metal.? The LMFBR program has also recog-
nized the importance of this problem and
several years ago initiated a base technology
effort to develop a stainless steel to 2-1/4
Cr—1 Ho steel transition joint capable of
serving out the design l i fe of an LMFBR
plant. A transition joint involving an alloy
800H spool piece was designed to minimize the



probable causes of failure, and this con-
figuration was evaluated In an extensive l i fe ,

1 testing prograioi ^ :;: It v̂ was observed .that |
failures always occurred. In the heat-affected i
zone of the ferrltlc alloy; •It was concluded I
that (I) the prime cause of jfallure 13 ther-
mally "Induced stress and (2) Inelastic
failure ^analysis can provide a reasonable
l i fe prediction. j

Observations based on these and other |
DMW tests have led to the hypothesis that
early failure In DMWs la due primarily to the
difference In thermal coefficient of expan-
sion of the dissimilar materials^and far less
to other factors such as carbon depletion,
oxide notching, and brittle-phase formation.
A program is underway to test this hypothesis.

TRIBOLOGY TECHNOLOGY - In the design of
a safe and reliable sodium-cooled fast reac-
tor system, one of the most critical problem
areas involves the tribological phenomena of
friction, wear, and self-welding at component
interfaces that experience intermittent . or
continuous sliding or static contact during
service. Tribological behavior in a sodium
environment is vastly different from that in
more common environments because in sodium,
conditions are present that can lead to high
friction coefficients, severe galling and
self-welding, and high wear rates. The inac-
cessibility and induced radioactivity of many
component bearing surfaces place even further
demands for reliable tvibological performance
over the plant lifetime.

Examples of components and equipment for
which good tribological performance is impor-
tant are valves, heat exchangers, coolant
pumps, fuel components, control rod drive
systems, upper core internal structures,
piston-ring seals, nozzle liners, and fuel
handling equipment. Some potential failures
of concern are leakage of heat exchanger
tubes, excessive deformation stresses in
structural members, seizure of rubbing parts,
and even rupture of components.

A major objective of the test programs
underway is to develop a base l i s t of well-
characterized wear—resistant materials, prac-
tical and economic fabrication processes, and
qualified sources of supply." Five categories
of materials are being qualified: (1) coat-
ings such as those applied by diffusion,
detonation-gun, plasma spray, and spark depo-
sition processes; (2) weld-deposited hard-
facing alloys; (3) candidate structural
alloys; (4) specialty bearing materials; and
(5) other special materials, generally non-
metallic, such as lubricants and elastomers.
Examples of important developments in the
first category are presented below.

Electro-Spark Deposition Coatings — One
of the most significant advances in coating
technology for reactor components has been i
the application of electro-spark discharge !
(ESD) coatings. These coatings are produced i
by discharging stored energy from high- i
voltage capacitors through an electrode of .

the material to be deposited. In the
resulting spark, a small amount of material
Is melted, removed from the electrode, and
weldud to the substrate material. ";

A princlpai^adyantaRe of the ESD process
is that :thin (usually i25^tO;;50-v:m:layers)i of
nearly 'any electrically conductive ina terial
can be 'fused' to a metal surface with such a
low heat input that thermal distortions or
changes in metallurgical structure of the ;
substrate do not occur. It also produces a |
coating that is metallurgical^ bonded and j
therefore significantly more resistant to
damage and wear than the mechanically bonded
coatings applied by other low-heat-input pro-
cesses such as detonation-gun, plasma spray,
and electrochemical deposition. Also, com-
pared to other types of coatings, ESD coat-
ings are relatively inexpensive, and they
dramatically reduce turnaround times and
schedule delays. Designers now have the
flexibility of substituting ESD-coated ferri-
tic steels or other low-cost alloys for more
expensive alloys that would otherwise be ,
required for some applications. . i

Fully automated ESD processes have been \
developed and qualified for coating valve-
guide fingers, fuel ducts, and control-rod
ducts.

Detonation-Gun and Plasma-Sprayed Coat-
ings — A number of detonation-gun (D-gun) and
plasma-sprayed coatings have been tested
extensively under breeder reactor operating
conditions, and selected D-gun coatings have
been qualified for several specific applica-
tions-

Process parameters, including substrate
preparation techniques, must be optimized for
each D-gun coating/substrate combination if
adequate coating adherence and reliability
are to be achieved^ The present reference
coating for core component load pads is a
mixture of chromium carbide and 15 vol.%
nichrome (80Ni-20Cr).

Roughening of the substrate can signifi-
cantly improve the bonding of D-gun coatings.
A new g l i t blast material has been qualified
for this purpose.

COOLANT TECHNOLOGY - The purpose of
research and development in this area is
threefold: (1) to provide data on sodium and
water/steam corrosion effects in LMFBR
systems for design applications; (2) to
develop and assess methods and equipment for
handling, purifying, and chemically analyzing
LMFBR coolants; and (3) to develop and eval-
uate methods for the measurement and control
of radioactivity in the coolant circuits.

Corrosion — An extensive program has
been conducted over the past two decades to
characterize the corrosion of materials In
flowing sodium. Stainless steels , low-alloy
steels, and nickel-base alloys have been
shown to be acceptably compatible with
sodium.

A phenomenon known as mass transfer
occurs in flowing sodium systems when certain



alloying elements dissolve In one region of
Che system and deposit In another. This phe-
n one no 11 "Is of particular ; Importance In the :

Intermediate heat transport system where car- ;

bon^tenda to transfer from the ferritic to
the austenlttc portions of the system;- An ;
Intermediate system raockup loop was designed •
and operated to evaluate this effect under j
rea l i s t i c operating conditions. It was |
observed that carbon transport occurred, but ,
that It essentially stopped after 30,000 h. •
I t wa3 concluded that decarburlzatlon of the |
2-1/4 Cr—I Mo steel was not solld-3tate- |
diffusion controlled and that the loss of I
strength resulting from decarburlzatlon of I
even the hottest portions of the ferritlc j
s tee l In the steam generator would not be
deleterious to plant operation.

I t has also been observed that Impuri-
t ies or corrosion products sometimes combine
with sodium to form partlculates which can be
transported and deposited In various parts of
the system. For example, a flow impedance
that developed in the primary system of an
operating test reactor has been attributed to
the combining of si l icon and sodium and the
subsequent formation of crystall ine deposits
of the reaction product on the surface of
Inlet orif ices. Although i t has been
concluded that flow impedances of this type
w i l l not impose major design, cost, or
operating penalties for commercial LMFBRs,
further development work i s needed to
establish the roles of oxygen level, orifice
design, and iron particulates as -variables in
this process-

Experience at the FFTF has shown that
sodium vapor deposits, or "frost," can form
in cover—gas spaces and impair the perfor-
mance of components with moving parts.
Studies of this phenomenon have led to
methods for predicting "and controlling the
transport of sodium vapor so that i t i s now
possible to'; prevent operational problems,
such as the malfunctioning of rotating equip-
ment, that frosting can cause in LMFBR
systems.

Treatment, Control, and Monitoring of
Impurities — Current work on sodium purifica-
tion i s directed toward the development of
improved cold trapping techniques to remove
oxygen and hydrogen. A computer code deve-
loped for design optimization has led to an j
improved cold trap with a fourfold increase ;
in l i f e and considerable savings in operating 1
costs . It was also demonstrated that cold
trap lifetimes can be further extended by in_
situ regeneration through vacuum decom-
position of impurities. However, gases pro-
duced by this regeneration process are con-
taminated with tritium and require special

handling. An oxidation process using a reuc-
taut bed has been developed for this purpose,
and work on this process Is currently under-
way .

Multipurpose samplers and on-line meters
for oxygen, hydrogen, carbon, and tritium
have been developed.8»9 These devices con-
tribute to cure consistent reactor operation-
and signal maintenance requirements, and pre-
vent unnecessary reactor downtime.

Radioactivity Control — In thl3 task
area methods are developed to predict,
measure, control, and remove radioactive
materials in sodium-cooled .reactor systems.
Control of the transport of radioactive spe-
cies promotes improved plant' economics
because i t can lead to significant reductions
in plant downtime, personnel exposure, and
tritium release.

Analysis of data on the buildup of
radionucildej in the FFTF primary system has
led to the development of an analytical model
for predicting and controlling this effect in
future reactors. To prevent the undesirable
buildup of radioactivity in the system,
nuclide traps have been developed for col lect - '
Ing fission and corrosion products such as
54Mn, 6°Co, and 135Cs.

Radiation from deposits of radioactive
species in the primary system can severely
limit access for maintenance operations.
Methods have been developed for the removal
of these deposits so tV;at even hands-on main-
tenance can be performed on components
removed from the system. In hot-leg areas
where radioactive species diffuse into the
material to a depth of about 25 m (0.001 i n . )
or more, a process using a 2-1/2% hydroxyace-
t l c (glycolic) acid - 2-1/2% citr ic acid as
the decontaminating reagent has been found to
be effective provided dissolved oxygen in the
solution is maintained at a level below 10
ppb.

ADVANCED ALLOY TECHNOLOGY - The objec-
t ive of this technology effort is to develop
to the state of commercialization an LMFBR
structural alloy with better overall proper-
t i e s than the standard austenltic stainless
and low-alloy ferr i t lc s teels . A thorough
review of the situation was conducted by a
national task force in 1974, and the
following criteria were established for the
advanced alloy: (1) design stress allowables
equal to or greater than those for type
304 stainless s t ee l at 593°C (1100°F);
(2) better resistance to chloride and caustic
stress corrosion cracking than austenitic
stainless s teels; (3) good resistance to
radiation-induced swelling and helium
embrittlement; and (4) good resistance to
atmospheric rusting.



The alloy selected for extensive deve-
lopment and evaluation was a ferrltlc/
martens 1 tic alloy known ;i3 modified 9 Cr—I Mo
a tee l . The ^heralca I cor-.poa 11 Ion sped £ ica-
tidns "for this alloy"-are":: given below" In
weight percent.

Chromium
Molybdenum
Carbon
Manganese
Nickel
Vanadium
Niobium
Silicon
Nitrogen
Aluminum
Phosphorous
Sulfur

8.00-9.50
0.85-1.05
0.08-0.12
0.30-0.60
0.40 max
0.18-0.25
0.06-0.10
0.20-0.50
0.03-0.07
0.04 max
0.020 max
0.010 max

The main difference between this alloy
and standard 9 Cr—1 Mo steel is the addition
of vanadium and niobium for improved
elevated-temperature strength. The modified
alloy is recommended for use in the nor-
malized and tempered condition 10

The normalizing treatment consists of
heating the alloy to 1038°C (1900°F;, holding
for one hour, for thicknesses to 25 mm
(1 in . ) , and then air-cooling to room tem-
perature. This treatment produces a fully
martensitic structure with a hardness of
about Rockwell C40. Tempering is accom-
plished by heating to 760°C (1400°F), holding
for one hour, for thicknesses to 25 mm
(1 in . ) , and then' air-cooling to room tem-
perature. In the tempered state, the alloy
i s single phase with a fine grain size (ASTM
8-9) and a hardness of Rockwell B95. The
microstructure of the matrix shows high-
dislocation-density subboundarles which
appear to be stabilized by the presence of
fine M23C6 precipitates. Carbide precipitates
are also found on prior austenite grain boun-
daries. Apparently, the effect of vanadium
i s to retard the growth of the fine ^23^6
precipitates at service temperatures.

This alloy i s considered to be par-
ticularly attractive because i t affords the
possibility of serving as the only alloy to
be employed in the entire LMFBR system
(including fuel cladding and duct3), thereby
eliminating the troublesome dissimilar metal
transition joints discussed above under
Fabrication Technology. The use of modified
9 Cr — 1 Mo steel as just an improved steam-
generator alloy would allow higher design
margins for ratchetting and creep-fatigue.

The ultimate goal of this effort is to
obtain complete ASME Code approval for the
advanced alloy- The status is as follows:
Section I — approved in July 1983 as Code
Case 1943; Section II — submitted to AETM;
Section VIII — expected approval in June
1984; Section III — in i t ia l data package sub-
mitted in December 1983.

CoqiiKircl.il Melting .md F.ibrlcatluii —
Eleven cominorcl.il heats ranging In size frua
0.5 to 65 tons have been melted and cast by
domestic and foreign steel companies. The
melting practices used are electrlc=1fiirnace;
electroslag v reraelt, argon-oxygen ,;decar-
*b'urizaclona*.~''alr Induct Ion,,: vacuum induction,
and vacuum oxygen deoxidatlon.L

Plate -material ;has > been" fabricated by
hot forging and hot rolling; flat and round
bars by hot forging and hot extrusion; and
tubing by hot extrusion, centrifugal casting
and cold pilgering, and cold drawing.

Mechanical and ''•':•Physical properties —
Data for eight heats of this alloy have shown
conclusively that the criterion cited above
regarding design allowable stresses has been
met (see Fig. 5 ) . Mechanical properties
tests in air and in sodium are in'progress to
obtain data for the various ASME Code pack-
ages. These Include tensile, creep, fatigue,
creep-fatigue, fracture toughness, and crack
growth tests . The physical properties being
measured are Young's modulus, Poisson's
ratio, thermal expansion coefficient, thermal
conductivity, arid heat capacity.

Structural Design Methods — Efforts here
are focused on (1) identification of consti-
tutive equations that can be used for inelas-
t ic design analyses on an interim basis and
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Fig. 5 - Design stress as function of
temperature for modified 9 Cr — 1 Mo steel
compared with standard 9 Cr — 1 Mo steel ,
2-1/4 Cr — 1 Mo steel , and type 304 stain-
less steel.



(2) preliminary assessments of failure
criteria. Exploratory elastic-plastic and
creep tents are being performed to provide a
basis for assessing the adequacy of the
general framework of the currently used
breeder reactor constitutive equations. L _

' " ' Failure activities are Initially focus- !
Ing on creep-rupture damage accumulation j
under variable loads and temperatures. ; Ther- !
mal transient tests to failure of thlck-walled j
cylinder; specimens are planned.. The results
of these tests will serve as the basis for
assessing the applicability of the overall
design methodology to modified 9 Cr—1 Mo
steel .

Joining — Filler toatal development and
studies of the effects of process variables
and welding parameters on the properties of
modified 9 Cr—1 Ho steel weldments are under-
way. Weld procedures are being developed
for gas-tungsten-arc, submerged-arc, and
shielded-raetal-arc processes, and the suscep-
t ibi l i ty of welds to hot or cold cracking is
being determined.

Corrosion — The corrosion behavior of
modified 9 Cr—1 Mo steel is being evaluated
in air, steam, aqueous hydroxide and chloride
solutions, and sodium.

As shown in Fig. 6, the air oxidation
resistance of the advanced alloy is dramati-
cally better than that of 2-1/4 Cr— 1 Mo
steel . Based on 30,000 h tests, the behavior
of the advanced alloy in steam is similar to
that of 2-1/4 Cr—1 Mo steel at 482° and 593°C
(900° and 1100°F).
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Fig. 6 - Comparison of weight gain as
function of time in air at 593°C (I100°F)
for 2-1/4 Cr — 1 Mo steel and three heats of
modified 9 Cr - 1 Mo steel .

In alow s tra in rate caustic struBS \
corrosion cracking t e s t s at 232°C (45O°F), !
the behavior of modified 9 Cr—I Mo s t e e l was I
found to be similar to or better than that of j
2-1/4 Cr—I Mo s t e e l . When cracking occurred, j
the fai lure mode was dif ferent froiri that In i
unnealed 2-1/4 Cr—1 Mo s t e e l . • In caustic :;
so lu t ions , 2-1/4 Cr—i Mo s tee l ; cracks i n t e r - :

granulariy or by a mixed mode of lntergranu-
lar In i t ia t ion and lntergranular/transgranular :
prbpbgatlon. Modified 9 Cr--1 Mo s t e e l , on !
the other hand, has fa i l ed traiisgranularly in
a l l cases evaluated thus far.

Operating Experience — Tubes of modified
9 Cr—1 Mo s t e e l are currently being:operated
i n ateam generator sec t ions of various f o s s i l
power plants In the United States , the United
Kingdom, and Japan. The longest time (about
4 yr) has been reached on tubes in the
superheater of the TVA Kingston Steam Plant .
A recent examination during a scheduled plant
shutdown showed no unusual deposits on these
tubes, as compared with the adjacent s t a i n -
l e s s s t e e l tubes, and no change in w a l l !
thickness . I

An 8- in. diam. t e s t sect ion of modified
9 Cr—1 Mo s t e e l pipe was tested in the Sodium
Components Test Loop (SCTL) at the Energy
Technology Engineering Center (ETEC). The
modified 9 Cr—1 Mo s t e e l pipe was safe-ended
with type 304L spool pieces using EKNiCr-3
f i l l e r wire. The t e s t sect ion was operated
for 5245 h at 520°C (950°F) during a sodium
pump tes t In the SCTL. I t i s being retained
a t ETEC for further exposure in SCTL t e s t s .
In addition, a 16- in . diam. pipe sect ion was
i n s t a l l e d in the Sodium Pump Test Fac i l i t y at
ETEC in March 1984, and a 12-in- diam. steam
generator sodium-inlet sec t ion was inserted
i n the EBR-II t e s t reactor plant at Argonne-
West in April 1984.

NONDESTRUCTIVE TESTING TECHNOLOGY —
Tasks in the nondestructive test ing tech-
nology (NUT) area are aimed at the inspect ion i
of materials and components during manufac-
ture and i n - s e r v i c e , including s i tuat ions
requiring remote, automated test ing methods.
Advanced radiography, ultrasound, and eddy-
current techniques are being developed, espe-
cially for stainless steel welds, ferritic
steel tube-to-tubesheet welds, and high-
temperature in-service inspection (ISI).

Methods for Specific Components — In an
LMFBR steam generator, heat is transferred
from sodium to water/steam with the tubing
serving as the barrier between these highly
incompatible fluids. Three important NDT
technologies have been developed to ensure
the integrity of the steam generator:
(1) microfocus rod-anode x-ray technology for
manufacturing inspection of tube-to—tubesheet
welds, (2) ultrasonic technology for ISI of |
tube-to-tubesheet welds and ferritic/austenitic |
transition joints, and (3) bores ide eddy-
current technology for 131 of steam generator
tubing*



The rou-anodis x-ray technique was found
to be significantly more sensitive In Iden-
tifying defects In tube-to-tuheshuet welds
than standard isotoplc methods .based on thu-p

:1llum and ytterbium. : The use of tills highly
^sensitive technique during fabrication of a
"pratatypic LMFBR steam generator resulted in
the development of "Improved welding proce-
dures and higher quality tube-to-tubesheet
welds.

Although there .13 substantial evidence
that austenltlc stainless steel piping con-
taining sodium at low pressures in the pri-
mary system of an LMFBR would leak before a
catastrophic break occurred, the ability to
perform IS! of austenitlc stainless steel
welds in this piping is important to provide
added confidence in system integrity. These
welds are difficult to Inspect because of
thei? coarse grain size and anisotroplc
dendritic structure. A major accomplishment
in this area has been the development and
demonstration of remote-examination ultra-
sound techniques and equipment for detection
of cracks of sizes corresponding to 25 to 50%
of the wall thickness of sodium-filled
stainless steel pipe at 200°C (392°F).

Multlcomponant Applications — Generic
NDT technology is being developed for use in
a number of LMFBR component applications.
Included in this category are advanced sen-
sors and instrumentation for quantitative
flaw detection and characterization.

As indicated in Fig. 7, the results of
in—service eddy-current examinations can be
difficult to interpret because of the large
number of test parameters that can affect the
signal output. To distinguish which parame-
ters are causing which signal variations, the
eddy-current instrument must normally make as

Fig. 7 - Illustration of eddy-current probe
in a steam generator tube indicating system
variables that can affect the signal output.

many Independent readings as there are
variations. In an effort to simplify mat-
ters, a systematic process was developed for
multlfrequency eddy-current examinations
based on theoretical raodels and the design of•:
electronic Instrumentation and computer
programs-*!- .Using this process, volumetric
Inspection of \ steam gen'erator tubing by eddy
currents can.; now be performed In compliance
with the ASME; Code in much less time than
that required for ultrasonic examination.

- Ultrasonic transducers capable of
operating at high temperatures were developed
because of strong incentives to perform ISI

I at temperatures of 200°C (392°F) or above
j with liquid sodium in the system. Conveii-
j denial transducers designed for use at room
I temperature generally will not perform at
I 200°C (392°F) and above, largely because of
i the limitations of the piezoelectric element.
; A lithium niobate element was selected for
! the higher-temperature application, and a j
j prototype transducer using i t has been sue- i
i cessfully tested. The application of these i
| transducers to phased annular arrays with i

electronic focusing"will- allow more accurate i
flaw sizing and better penetration of weld'
metal in the ultrasonic Inspection of stain-
less steel piping.

SUMMARY AND FUTURE DIRECTIONS

The U.S. Department of Energy has spon-
sored a vigorous breeder reactor mater ia l s
and s tructures program for about 15 y e a r s .
Important contr ibut ions to breeder deve lop-
ment have r e s u l t e d from th i s e f f o r t In the
areas of design (inelastic rules, verified
methods, seismic criteria, mechanical proper-
ties data); resolution of licensing Issues
(technical witnessing, confirmatory testing);
construction (fabrication/welding procedures,
nondestructive testing techniques); and
operation (sodium purification, instrumen-
tation and chemical analysis, radioactivity
control, and in-service inspection).

The national LMFBR program currently is
being restructured to address base technology
needs for innovative designs that are econo-
mically competitive and demonstrably safe.
It is anticipated that In support of this
activity the Materials and Structures Program
will focus Its efforts in the following
areas: (1) removal of anticipated licensing
impediments through confirmation of the ade-
quacy of structural design methods and cri-
teria for components containing welds ar.d
geometric discontinuities, the generation of
mechanical properties for stainless steel
castings and weldments, and the evaluation of
irradiation effects; (2) qualification of
modified 9 Cr— 1 Mo steel and tribological
coatings for design flexibility; (3) develop-
ment of improved inelastic design guidelines
and procedures; (4) reform of design codes
and standards and engineering practices,
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leading to simpler, less conservative rules
and Co slipllflod design analysis methods;
and (5) Incorporation of Information from
foreIgn programs through exchange andcolla-
boraclou.
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