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ABSTRACT

This paper presents the ob ject ive, scope, and status of
the U.S. Department of Energy's Materials and Structures
Program to develop a data base on mechanical properties of
s t ructura l materials for out-of-core structures and components
for LMFBRs. Information on the development of a reference
data base on materials for the reactor system, reactor enclo-
sure system, primary heat transport system, intermediate heat
transport system, and steam generator system is included. In
add i t ion , the development of the data and analyses to account
for the ef fects of temperature and s t ress, as well as
water/steam, sodium, and radiat ion environments, is described.
Plans for the development of a l te rnat ive materials for future
out-of-core appl icat ions are presented.

OBJECTIVE

The objective of the U.S. LMFBR Materials and Structures Program on
Mechanical Properties for Design Data is to develop an elevated
temperature mechanical properties data base for the design of safe,
reliable, and economically competitive LMFBR power plants with service
lifetimes of 30 to 40 years.
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To meet th is object ive, the Mechanical Properties Design Data base
is developed for use by several portions of the LMFBR industry. The
data base is intended to provide direct support to the design community,
especially the developers of high-temperature structural design methods.
I t is also intended to serve as the basis for l icensing and regulatory
decisions, safety analyses, operation and maintenance procedures, and
in-service inspection c r i t e r i a .

The data are provided to the ASME1 for use in Code Case N-47 of
Section I I I and to nuclear energy standards.

SCOPE

The scope of the test ing program ranges from exploratory tests to
determine character ist ic deformation and fa i lu re behavior to the
fu l l - sca le acquisit ion of engineering mechanical properties data. The
materials included are those used in the reactor system (excluding the
fuel cladding and duct alloys in the core i t s e l f ) , the reactor enclosure
system, the primary and intermediate heat transport systems, and the
steam generator system. The principal emphasis is on the development of
a reference data base in a i r . ' In a less extensive test ing e f f o r t , the
effects of system environments —sodium, water/steam, and radiation - o n
the reference data base are determined.

The materials, the mechanical propert ies, and the test environments
that are included in the current program scope are summarized below.

• Materials —Wrought types 304, 316, and A-286 stainless steels,
CF-8 and CF-8M stainless steel castings, types 308, 316, and
16-8-2 stainless steel weld a l loys, 2 1/4 Cr—1 Mo and modified
9 Cr-1 Mo steels (ASTM designation T91), type 316 stainless
steel to 2 1/4 Cr—1 Mo steel t rans i t ion j o i n t s , and al loy 718.
Except for modified 9 Cr-1 Mo s tee l , the al loys l i s ted above
are the reference materials for the Fast Flux Test Fac i l i t y
(FFTF) and the Clinch River Breeder Reactor Plant (CRBRP).
Types 304 and 316 stainless steels and 2 1/4 Cr-1 Mo steel and
the i r weldments are included in ASME Code Case N-47 for e le-
vated temperature pressure boundary applications in nuclear
power plants. Alloys A-286 and 718 are included because they
are used in FFTF and CRBRP for special l imited nonpressure
boundary appl icat ions. The modified 9 Cr—1 Mo steel has been
selected as the principal alternate alloy for structural app l i -
cations in LMFBRs.

• Mechanical Properties — Tensile, creep, creep-rupture, fat igue,
creep-fatigue, corrosion fat igue, fatigue crack growth, and
fracture toughness.

• Environments — A i r , water/steam, sodium, and radiat ion.

The scope also includes data management which has the fol lowing
functions:
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1 . Documentation of Mater ials Propert ies
2. Development of Computer Codes fo r Design Appl icat ions
3. Implementation of Technology Transfer to Designers, Codes, and

Standards

BACKGROUND AND STATUS

A broad-based nat ional LMFBR mechanical propert ies program has been
in e f f ec t fo r about 15 years. During the formulat ion of a nat ional
LMFBR program p lan 2 by the AEC Div is ion of Reactor Development and
Technology in the la te 1960s, i t was recognized that elevated
temperature mechanical proper t ies design data fo r condit ions beyond
those obtained fo r the i n i t i a l experimental p lants and f o r fas t reactor
t e s t f a c i l i t i e s would be required f o r the demonstration, pro to type, and
commercial p lan ts .

During the 1970s, operat ing parameters fo r large LMFBR systems were
fu r t he r def ined, and greater e f f o r t was placed on determining the
long-term propert ies of types 304 and 316 s ta in less steel and
2 1/4 Cr—1 Mo steel wi th emphasis on propert ies at elevated temperatures
where creep and/or s i g n i f i c a n t microst ruc tura l changes might occur and
under s t a t i c , dynamic, and combined s t a t i c and dynamic loading
cond i t ions . Test ing during t h i s period was la rge ly d i rec ted toward
prov id ing data fo r the development and app l ica t ion of design c r i t e r i a
and design methods for elevated temperature serv ice , wi th emphasis on
the needs for the FFTF and the CRBRP.

The status of each ind iv idua l element of the program and of the
t o t a l program are shown in F ig . 1 ; as ind icated in F ig . 1 , the program
is s l i g h t l y more than three quarters complete. Emphasis fo r the
remaining work is p r imar i l y on long-term (2 x 101* to 105 h) propert ies
under temperature, s t ress , and environmental condi t ions p ro to typ ic of
LMFBR operat ion. The chief temperature range for t es t i ng of types 304
and 316 s ta in less steels and modif ied 9 Cr-1 Mo steel i s 427 to 650°C;
and fo r 2 1/4 Cr-1 Mo i t is 427 to 538°C. Highest p r i o r i t y has been
assigned to development of a data base for cast s ta in less steels and to
weldments of type 316 s ta in less steel and of 2 1/4 Cr—1 Mo s t e e l .

The schedule for completion of the major elements of t h i s program
are shown in F i g . 2. This schedule is based on a constant level of
e f f o r t from 1983 through 1990.

REFERENCE DATA BASE

A reference data base i s required to provide the mechanical
proper t ies informat ion necessary for design methods and analyses, ASME
Boiler and Pressure Vessel Code requirements, safety analyses, and
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licensing and regulatory procedures. Elevated temperature designs of
structures and components for LMFBRs are based upon time-independent and
time-dependent mechanical properties and physical properties such as
thermal expansion, thermal conductivity, and Young's modulus. The
reference data base also provides the baseline information necessary to
evaluate the effects of LMFBR operating environments (water/steam,
sodium, and irradiation) on the mechanical behavior of these materials.
These data are incorporated into ASME Code Case N-47 and nuclear energy
standards.

The data base must be suff icient to include the design and
operational loading conditions that produce both the magnitude and type
(e.g. , uniaxial, biaxial , tensi le, compressive, etc.) of stresses imposed
upon the reactor structures and components during normal and off-normal
operation. Data must be obtained at relevant temperatures and be
applicable for the anticipated service l i f e of the reactor systems.
Figures 3-6 show the status of the development of the reference data
base. As shown in each of these figures, individually and col lect ively,
the individual components of the program and the total program are
approximately 80% complete.

The reference data base is being developed for wrought types 304,
316, and A-286 stainless steels and their weldments, CF-8 and CF-8M
castings, 2 1/4 Cr—1 Mo and modified 9 Cr—1 Mo steel, transition jo int
weldments between types 316 stainless steel and 2 1/4 Cr—1 Mo steel, and
alloy 718.

For al l experimental U.S. fast reactors and fast neutron test
fac i l i t i es ( i . e . , EBR-I, LAMPRE, EBR-II, SEFOR) welded austenitic
stainless steel was the principal structural material for the reactor
containment and cooling systems. For these reactors the materials were
operated under lower temperature and stress conditions than those
required for a demonstration or commercial LMFBR; and because of an
inadequate data base for operation at higher temperatures and/or
stresses, they have been designed and operated with extreme conser-
vatism. However, the excellent performance of the austenitic stainlcs.
steels in these fac i l i t i es just i f ies their selection for current LMFBR
designs and continued development for future LMFBRs.

Types 304 and 316 stainless steels are the principal structural
materials for the reactor system, reactor enclosure system, primary heat
transport system, and intermediate heat transport system of FFTF and
CRBRP. Stainless steel castings of CF-8 and CF-8M are ut i l ized for
several components in the sodium pumps for these two reactors and are
included in all subsequent reactor designs. The principal structural
material for the CRBRP steam generator system is 2 1/4 Cr-1 Mo steel.
Modified 9 Cr—1 Mo steel is the chief alternate material for out-of-core
structures and components. Potentially, i t can replace type 304
stainless steel and 2 1/4 Cr—1 Mo steel for al l applications and i t can
be used as a replacement for type 316 for several applications, espe-
c ia l ly for use in temperatures below ~566°C (1050°F). Alloy A-286 is a
precipitation-strengthened austenitic stainless steel that is included
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because of i ts elevated temperature strength properties. Its use to
date has been chiefly for bolting and sliding seal application. Alloy

j 718 is included in this program because of i ts potential to meet the
I high-cycle fatigue requirements associated with thermal striping in the
' above core structures.
i

.j In addition, since there is a change from austenitic stainless
, steel to ferritic steel in the intermediate heat transport system, a
-i data base is being developed for these austenitic to ferritic transition

joints, which are also known as dissimilar metal weldments (DMWS).
1

To provide this reference data base within a reasonable time, three
decisions have been implemented relative to environmental, material, and
testing parameters. F i rs t , the reference environment for testing the
above materials is air under standard laboratory conditions. The choice
of air as the reference environment constitutes a major factor in the
abi l i ty to provide a rapid turnaround during testing and i t enables
direct comparisons to be made with data and analyses from other test
programs such as those of the Metals Properties Council (MPC), American
Society of Mechanical Engineers (ASME), and the American Society for
Testing and Materials (ASTM). Second, in an attempt to alleviate some
of the d i f f icu l ty of interpreting baseline results, emphasis has been
placed on relatively few well characterized heats of material. This
enables heat-to-heat variabi l i ty to be studied in a systematic manner
and provides for comparisons within a consistent data base. Third, the
testing programs have been designed to obtain data on several
experimental variables within the general guideline that the duration of
most individual experiments should not exceed approximately three years.
However, since one of the principal act iv i t ies of this program is to
provide the data required to develop design methods and models which can
be extrapolated to FBR design lifetimes of 30-40 years, some long-term
creep tests are necessary, and some 105 n (11,4. y and possibly beyond)
creep-rupture tests are in progress. This reduces extrapolation
required from the current order of magnitude to a more desirable factor
of three.

The reference data base developed to date on these candidate
structural materials has been incorporated into a computerized data base
in the Materials and Structures Mechanical Properties Data Analysis
Center at Oak Ridge National Laboratory. Currently, the reference data
base consists of results from approximately 11,000 tests on the above
l isted materials. Emphasis of this test program has been on the
following properties:

Tensile and Creep Rupture — Primarily baseline properties of
reference heats and determination of heat-to-heat var iabi l i ty .

Fatigue — Primarily baseline low-cycle, high-cycle, and cyclic
creep-fatigue properties of reference heats and determination of effects
of heat treatment and heat-to-heat var iabi l i ty .

Fracture Mechanics —Fracture toughness, charpy impact, and fatigue
crack growth properties.
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*Metallurgical variables include: heat-to-heat variations in alloy
chemistry, method of forming (forging, ro l l ing, and extruding),
therfnomechanical treatment, level of cold work, grain size and shape,
precipitate chemistry, density, and morphology and whether the
precipitate phases are coherent, semicoherent, or incoherent with the
matrix. For most applications, the f i r s t three metallurgical variables
l isted wi l l determine al l of the other l isted variables; hence emphasis
is on the f i r s t three metallurgical variables.

Effects of Metallurgical Variables* — On the tensi le, creep-rupture,
fatigue, and fracture mechanics properties. i

I
In this paper, the information on the materials wi l l be presented |

for the systems shown in Table 1 . Within the systems shown in Table 1 I
the presentation wi l l be in the order of: types 304, 316, A-286, CF-8,
and CF-8M stainless steels, 2 1/4 Cr-1 Mo and 9 Cr-1 Mo steels, dis-
similar metal weldments, and special purpose alloys such as Alloy 718.

Measurement of the tensile properties of wrought stainless steels
and their weldments is essentially complete (Figs, 3 and 4). For cast
stainless steels, the elevated temperature (300-550°C) tensile
properties are being measured as a function of casting section
thickness, fer r i te content and morphology, casting method, and thermal
aging history.

Long term (up to 105 h) creep rupture tests are continuing on five
heats of type 304 stainless steel and on eight heats of type 316
stainless steel. Several of these heats were used in the manufacture of
the out-of-core structures in FFTF and CRBRP. To decrease the
extrapolation required from laboratory test data to component and/or
plant l ifetime emphasis in the creep-rupture test program is to provide
data on weldments and castings for rupture lives between 104 and
5 x 105 h. To reduce the magnitude of the time-dependent strength
reduction factors imposed upon weldments by the ASME design requirements,
considerable testing of types 308, 316, and 16-8-2 weld alloys con-
taining additional titanium (0.35 to 0.80 w/o), Boron (0.002 to 0.008 {
w/o), and phosphorus (0.03 to 0.05 w/o) has been conducted. Weld alloys [
containing these additions are referred to as controlled residual ele- '
ment alloys (CRE).3 Figure 7 shows the calculated ASME strength reduc- i
t ion factors for 16-8-2 and 16-8-2 CRE weld alloys for temperatures up
to 593°C (1100°F).

Data from the fatigue and creep-fatigue testing of type 304 •
stainless steel has led to the development of strain versus l i f e corre- ;
lations which include the effects of temperature, strain rate, and hold •
time on the fatigue behavior of this alloy and a method to account for ',
cyclic creep-fatigue damage in LMFBR out-of-core structures and com-
ponents has been developed.4'5 Figures 8 and 9 show the strain range
versus l i f e correlations for the fatigue and creep-fatigue properties of
type 304 stainless steel developed in this program.
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Table 1. Materials for CRBR structures and components

Components Material

Reactor system

Lower internals structure
Core support structure
Bypass flow modules
Lower inlet modules
Fixed radial shield
Horizontal baffle assembly
Core former structure
Core upper internals structure

304 SS welded
304 SS
304 SS
316 and 718
316
316 and 718
316 and 718

Reactor vessel outlet nozzle l iner seal A-286 and 718

Reactor enclosure system

Reactor vessel

Reactor guard vessel
Reactor closure head assembly
Core barrel
Core restraint system

Primary heat

Primary pumps
Primary pumps guard vessels
Inlet piping and nozzles
Outlet piping and nozzles
IHX

304 SS, IN600
transition weld

SA 508
SA 508
304
316

transport system

CF-8M
304
304
316
316

Intermediate heat transport system

Intermediate pump
Piping
Transition weld joints

CF-8M
304, 316
316/16-8-2/800H/
ERNI Cr-3/2 1/4 Cr-1 Mo

Steam generator system

Evaporator
Evaporator to superheater piping
Superheater
Superheater to turbine piping

2 1/4 Cr-1 Mo steel
2 1/4 Cr-1 Mo steel
2 1/4 Cr-1 Mo steel
Carbon steel
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Less data has been obtained to date on the fatigue properties of
type 316 stainless steel and the results have not been sufficient for
the development of design curves for continuous cycling or cyclic creep-
fatigue properties for this alloy. Again, to reduce extrapolation from
relatively short-term test data to design l ifetimes, emphasis is on the
long-term, low-cycle, and creep-fatigue properties of this al loy. The
long-term tests are being conducted at conditions approaching the upper
loads and/or strains that are anticipated for LMFBR operating con-
dit ions. Also, data are needed on weldments and castings to establish
their fatigue properties at the elevated temperatures required for LMFBR
heat transport systems.

In support of FFTF and CRBRP, the fatigue crack growth and fracture
toughness properties of austenitic stainless steels and their weldments
have been determined. Since wrought austenitic stainless steels exhibit
high fracture toughness properties, l i t t l e additional effort is underway
in this area.

The low alloy fe r r i t i c steel 2 1/4 Cr—1 Mo has been used
extensively for the steam generator systems in U.S. LMFBRs. For CRBRP,
the material is ut i l ized in the isothermally annealed (IA) and fu l ly
annealed conditions* (A) as well as the normalized and tempered (N&T)
condition.6 Any material that is welded receives an additional post
weld heat treatment (PWHT) to provide stress rel ief and additional
tempering in the welded structure. To date, the PWHT used most
often in this program has been one to four hours at 727°C (1340°F).
The IA and A heat treatments were selected to improve the stabi l i ty of
the microstructure and minimize long-term mechanical properties changes
over the temperature range of operation for this alloy in LMFBR steam
generator systems. All material tested in this program, regardless of

*The heat treatments for A, IA, N&T, and PWHT of 2 1/4 Cr-1 Mo for
this paper as as follows:
Fully Annealed: (A) Hold at 927°C (1700°F) for 1 h for each 25.4 mm of
thickness , 4 h max., 1 h min., cool at 55°C (100°F)/h to 316°C (600°F),
air cool to room temperature.
Isothermally Annealed: (IA) Hold to 900-955°C (1650-1750°F) for 1/2 h,
cool at an average rate of 260°C (500°F)/h to 720°C (1325°F), hold for
1 1/2 h, cool to room temperature, or hold at 727°C (1340°F) for 1 h,
cool to room temperature.
Normalized and Tempered: (N&T) Hold at 913-954°C (1675-1750°F) for 1 h
for each 25.4 mm of thickness, 4 h max., 1/2 h min., air cool, hold at
675-732°C (1250-1350°F) for several h (e.g., 1 h for each 254. mm of
thickness), air cool to room temperature.
Post Weld Heat Treatment: (PWHT) Hold at 727°C (1340°F) for at least
0.3 h and up to 4 h, with cumulative time at 727°C (1340°F) not to
exceed 40 h for repair of al l welds, cool to room temperature.

The above heat treatments are among those contained in the ASME
specifications for heat treatment of this alloy for use in elevated
temperature pressure boundary applications.
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heat treatment history, meet ASME Code Case N-47 requirements for
maximum ultimate tensile strength (<585 MPa) at room temperature.

Measurement of the tensi le, creep-rupture, and fracture mechanics
properties of this alloy is essentially complete and the data and
analyses have been provided to the ASME for inclusion in Code Case N-47.
Current tests are on the fatigue and creep-fatigue properties of
weldments and of material aged at ~500°C for 2 x l O U o 5 x 10 *+ h.
These tests are to determine i f subtle differences in mechanical
properties may arise in material with different i n i t i a l heat treatments
after prolonged exposure at temperatures relevant to LMFBR operation.

As shown in Table 1 and described above, primary coolant systems
for LMFBR are constructed of austenitic stainless steels and the steam
generator systems are of the f e r r i t i c 2 1/4 Cr—1 Mo steel. Therefore,
dissimilar metal welds (DMWs) are required at the interfaces (or
transition regions) of the austenitic and fe r r i t i c steels. The joining
of these dissimilar alloys with their differences in coefficients of
thermal expansion, thermal conductivity, elevated temperature strength,
and act ivi ty coefficients for alloying elements, especially carbon and
chromium, leads to a d i f f icu l ty in predicting the long-term performance
of these "transition joints" at temperatures relevant to LMFBR operation
[e .g . , 455-538°C (850-1000°F)].

The Electric Power Research Institute (EPRI) and The Metal
Properties Council (MPC) are conducting an extensive testing and
analysis program to attempt to identify the parameters associated with
the DMW failures at service temperatures above 538°C and to reliably
predict lifetimes for DMWs.7 The information obtained to date from the
Materials and Structures and EPRI/MPC programs indicates that the con-
ditions and/or events that are major contributions to the fai lure of DMW
transit ion joints are8"13

• Externally imposed bending stresses

• Temperature excursions above the normal operating temperature
especially when combined with temperature cycling

i Localized high stresses due to differences in coefficients of
thermal expansion, thermal conductivity, and elevated
temperature strength properties of the two alloys

Results from the EPRI/MPC and other studies indicate that the
loading state most detrimental to DMWs is creep8"13 and that tensile or
fatigue loading plays l i t t l e , i f any, role in the failure of transition
jo in ts . 8 " 1 3

This program follows closely the work of the EPRI/MPC program and
wi l l use the information obtained in that program to guide further
testing of transition joints for LMFBR applications. Since creep
deformation has been identif ied as being most detrimental to transition
jo int l i fet imes, only creep-rupture testing is being performed in this
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task. No t e n s i l e , fa t i gue , creep-fat igue, or f racture mechanics tes t ing
is planned. Creep deformation under three d i f fe ren t loading conditions
has been postulated to contr ibute to t rans i t i on j o i n t f a i l u r e . 8 " 1 3 The
three loading conditions are (1) constant load, (2) varied load, and
(3) varied temperature. At th i s time only constant load creep-rupture
tests are planned. Upon successful completion of the constant load
creep-rupture tes t ing and sat is fac tory agreement between measured test
resul ts and analy t ica l pred ic t ions, varied load creep-rupture tes t ing
and/or varied temperature creep-rupture tes t ing can be conducted.

Al loy 718 i s included in t h i s program as a special purpose a l l o y .
I t has potent ia l appl icat ions where high strength and/or hardness are
required at elevated temperatures. I t has been used pr imar i ly fo r
bo l t s , p ins, s l i d ing seals, thermal sh ie ld ing, and t r i bo log i ca l
app l i ca t ions . 1 4 Recent in terest in th i s a l loy has been directed toward
i t s potent ia l to withstand high-cycle (>108) fat igue stra ins due to
thermal s t r i p i n g , especial ly in the upper in ternals structures of
LMFBRs. Considerable fat igue and creep-fatigue data have been generated
on th i s a l loy fo r the aerospace industry . The emphasis in th i s program
has been to assess the data from the aerospace industry for appl icat ion
to LMFBR operating condi t ions, obtain data for tes t times longer than
those of in terest for aerospace appl icat ions, and measure the effects of
elevated temperature sodium on the long-term properties of th is a l l o y .
I t is ant ic ipated that t h i s e f f o r t w i l l provide the above information
wi th in the next three years.

EFFECTS OF WATER/STEAM ENVIRONMENTS

Because of t he i r suscep t i b i l i t y to stress corrosion cracking in
both chlor ide and caustic contaminated aqueous environments at
temperatures relevant to LMFBR operat ion, austeni t ic stainless steels
have not been recommended for steam generator systems of LMBFRs. The
low-al loy steel 2 1/4 Cr—1 Mo has been used for the steam generator
systems for U.S.-LMFBRs. Considerable information on the effects of
water/steam environments on the mechanical propert ies of th is steel has
been developed in the f oss i l fueled and l i g h t water reactor (LWR)
programs.is»1^

Detailed information on the ef fects of water/steam environments on
the mechanical propert ies of 2 1/4 Cr—1 Mo steel is not p l e n t i f u l .
However, ea r l i e r work in th i s program has shown that the mechanical
properties that have been measured in high p u r i t y , deoxygenated water
and steam environments at temperature relevant to LMFBR operation are
the same in water/steam environments as in a i r . 1 7

The fat igue and fat igue crack growth properties of th is steel can
be strongly affected by impure water/steam environments.13»19 Therefore,
to assure the s t ruc tura l i n t e g r i t y of th i s steel for long-term service
in LMFBR steam generator systems, the fa t igue, creep fa t igue, and
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fatigue crack growth properties of this steel in elevated temperature
slightly to moderately caustic contaminated (<10% caustic) water/steam
environments are being measured. These measurements are scheduled for
completion in 1986 and 1987, respectively. As shown in Fig. 10, the
program to determine the effects of water/steam environments on the
mechanical properties of materials for LMFBR steam generator systems is
almost 90% complete.

EFFECTS OF SODIUM ENVIRONMENTS

Considerable effort has been expended over the last 10-15 years to
determine the effects of sodium environments (various levels of purity)
on the mechanical properties of types 304, 316, and A-286 stainless
steels and 2 1/4 Cr-1 Mo steel. More recently, testing has been
ini t iated on modified 9 Cr-1 Mo steel and Alloy 718 in sodium
environments. The information obtained up to 1980 has been reported at
the f i r s t two International Conferences on Liquid Metal Technology in
Energy Production.20»21 The Third International Conference on Liquid
Metal Technology in Energy Production is to be held in Oxford, England,
April 9-13, 1984.

The information obtained to date indicates that for sodium
conditions relevant to LMFBR operation that the mechanical properties of
the above listed materials in sodium are equal to or superior to the
same properties in a i r . 2 0 " 2 3 Examples of this information are shown in
Figs. 11—15 which show the effects of sodium on the tensile,
creep-rupture, and fatigue properties for types 304 and 316 stainless
steel, respectively. Figures 16 and 17 show the effects of sodium on
the creep-rupture and fatigue properties of 2 1/4 Cr—1 Mo steel.

For the measurements for which the above statement is not val id,
the tests in sodium were confounded by thermal aging in the alloy during
long-term testing in sodiu.n (>103 h) or during long-term (103 to lOh h)
sodium preexposure of the test samples at elevated temperatures; and/or
by preexposure to sodium at yery high temperatures that resulted in
solute atom gains (e.g., carburization) or losses (e.g., decarburization
and/or nickel leaching) greatly in excess of those that could occur
during exposure of these alloys to sodium at temperatures relevant to
LMFBR operation.

Because the evidence obtained to date indicates that sodium does
not have a detrimental effect on the mechanical properties of types 304,
316, and A-286 stainless steels and 2 1/4 Cr—1 Mo steel, designers do not
have to include an added penalty in their design margins for exposure of
these materials to sodium under ASME Code Case N-47. However, designers
are reluctant to, or not able to , include a credit in their design
margins for those mechanical properties of these materials that are
superior in sodium to those in air . Hence, since no penalty in design
margins "̂ 3 required and no credits can be obtained testing, analyses,
and reporting of the effects of sodium on the mechanical properties of
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types 304, 316, and A-286 stainless steels and their weldments is sche-
duled for completion in 1986. Completion of the determination of the
effects of sodium on the mechanical properties of T-91 is scheduled for
completion in 1989.

Since the design values used for tensi le, fatigue-crack growth, and
fracture-toughness properties of the above materials in air are
conservative and the properties in sodium are equal to or superior to
those in a i r , no tests to measure the effects of sodium on these
properties are planned. As shown in Fig. 18, the task to determine the
effects of sodium on the mechanical properties of materials for
out-of-core applications is approximately two thirds complete.

Less data are available on the effects of sodium on the elevated
temperature mechanical properties of alloy 718 and T91. However, no
unexpected nor unusual data or phenomenon have been observed to date and
none are anticipated. I t is tentatively scheduled that test ing,
analysis, and reporting on the effects of sodium on the mechanical
properties of 718 wi l l be concluded in 1987; however, an alternate plan
is being considered which would conclude this work in early 1986.
Preexposure and testing of T-91 in sodium has been in i t ia ted in 1983 and
i t is not possible at this time to establish a firm completion date for
these tests. A best estimate at this time indicates measurement,
analyses, and reporting of the effects of sodium on the long term creep-
rupture, fatigue, and creep-fatigue properties of T-91 wi l l be completed
in late 1988 or early 1989.

EFFECTS OF IRRADIATION

The effects of neutron i r radiat ion, both atomic displacements and
neutronically produced helium, are required to establish neutron
exposure limits for out-of-core structures and components such as the
core-support and core-former structures, upper internals system, flow
control modules, in-vessel fuel handling equipment, reactor vessel, and
reactor guard vessel.

Safety analyses require the demonstration of the structural
integr i ty of appropriate structures in various postulated accidents.
The mechanical properties of primary interest for out-of-core structures
are generally high strain rate strength and duct i l i ty and resistance to
subcritical crack growth and to subsequent rapid crack growth.

The primary materials for out-of-core structures and components of
LMFBRs bu i l t and/or designed to date are types 304 and 316 stainless
steels and their weldments and are expected to remain so for the larger
plant designs. Alloy 718 has received attention for application in
CRBRP to withstand thermal striping service conditions in the upper
internals structure and as a wear surface in the lower in let module.

Materials which have found special or limited application in FFTF
include alloy A-286, alloy 600, tungsten, and a molybdenum al loy, TZM.
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With increasing considerations for lower sodium outlet temperatures for
large plant designs, f e r r i t i c alloy steels such as T91 or HT-9 may find
application in out-of-core structures, largely in response to an
economic stimulus to reduce plant capital costs.

Mechanical properties data needed in support of engineering design
are generally dictated by the design c r i te r ia . The current approach
with fluence or DPA l imits emphasizes duct i l i ty , as measured by uniform
and total elongation, in the postirradiation tensile test as a key
property. However, another viable design procedure requires data to
establish design allowable stress values or design fatigue curves or to
perform inelastic analysis. Fracture mechanics parameters are needed
for safety analyses and to support fluence l imit restrictions for
out-of-core structural materials. Both of the design cr i ter ia discussed

, earlier are similar to those required by the ASME Boiler and Pressure
s Vessel Code. Both methods require measurements and analyses of tensi le,
! fatigue, creep-rupture, creep-failure strain, cyclic creep-fatigue inter-
| action, and fracture mechanics properties for irradiated materials.

These requirements are consistent with those identif ied by the ASME,
; Nuclear Energy Standards, Nuclear Regulatory Guides, and with the direct
| input for mechanical properties information requested by reactor designers
j structural analysts, power plant operators, and licensing agencies.

j The EBR-II irradiation program supporting this task is essentially
complete; however, a substantial number of specimens irradiated in
EBR-II are available for testing i f the need arises. This subtask has, J
in general, provided data for low irradiation temperatures over a wide i

! range of fluences and DPA levels. Data from high temperature {
irradiations are l imited. Effects of neutron energy spectra have been !
covered for the low temperature range (<400°C) where displacement damage
dominates behavior, but not for the high temperature range where helium
embrittlement can predominate. Some data on weld alloys are available
but these results are quite limited compared to those for wrought
materials. Tensile properties have been the most thoroughly explored in
terms of irradiation effects and more attention to fracture mechanics
properties and creep and fatigue (singly or in combination e.g., cyclic
creep-fatigue) properties is needed.

Environmental conditions for LMFBR out-of-core structures and
components extend from the lower temperatures where DPA damage and
associated strength increases are the dominant radiation effects to the
higher temperature range where helium generation from transmutations
accentuates intergranular fai lure and produces embrittlement effects.
Neutron energy spectra at out-of-core structures are generally of low
mean neutron energies (En'< 0.01 to < 0.1 MeV) which produce few
DPA/neutron and low fluxes (~109 to ~1012 n/cm2*sec) which produce few
DPA/plant l i fet ime; whereas the spectra in which accelerated test
irradiations are conducted in test reactors usually are of much higher
mean neutron energies (~0.1 to ~0.5 MeV) which produce many DPA/neutron
and higher fluxes (~1015 n/cm2«sec) which produce high DPA values/plant
l i fetime and high helium contents by direct transmutation reactions with
the major alloying elements (e.g. , Ni, Fe, Cr) and the high energy
neutrons.
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Essentially al l of the data that have been developed in this
program for evaluation of the effects of neutron irradiation on
materials for out-of-core structures and components have been obtained
from irradiations in the high neutron energy and high flux environment
of EBR-II.

Current emphasis in the irradiation effects program is to determine
(1) the effects of neutronically generated helium on the tensile and
creep-rupture properties of types 304 and 316 stainless steel and their
weldments for temperatures at which helium can agglomerate to produce
large reductions in strength and duct i l i ty properties, and (2) the
tensile and fracture toughness properties of these materials at the low
DPAs (0.01 to 5.0) that exist at end-of-life in out-of-core structures
and components. The existing data obtained at high DPAs appear to be
unnecessarily conservative for out-of-core applications. Figure 19,
which is the tensile ducti l i ty of type 316 stainless steel as a function
of DPA, is an example of the conservatism associated with ut i l izat ion of
high DPA data. Demonstration of the unnecessarily conservative
restrictions of the current data would provide the potential for
significant cost savings for CRBRP and subsequent LMFBRs. The chief
cost reductions result from less shielding requirements and longer
operating times for out-of-core structures and components. Also,
reduced shielding requirements, most of which are above the reactor
horizontal midplane, provide a significant decrease in the seismic
characteristics of the reactor. This provides a significant reduction
in both construction and operating costs.

As shown in Fig. 20, the task to determine the effects of neutron
irradiation on the mechanical properties of materials for out-of-core
structural applications is approximately one half complete.

SUMMARY

This paper presents a status report on the U.S. LMFBR St ruc tu ra l
Mater ia ls Mechanical Propert ies Program. Short- term t e s t i n g is
essen t i a l l y complete. For the- reference data base, emphasis is on
long-term tes ts under condit ions approaching LMFBR temperature and
stress condi t ions to reduce the ex t rapo la t ion from the current order of
magnitude fo r e x i s t i n g laboratory tes t times to end-of-p lant l i f e t i m e to
a more desi rable fac to r of approximately t h ree . Highest p r i o r i t y tes ts
are on the f a t i g u e , c reep- fa t igue , and f rac tu re mechanics proper t ies of
aus ten i t i c s ta in less steel castings and weldments and on long-term
creep, f a t i g u e , and creep fa t igue of T -9 1 . Test ing in water/steam and
sodium environments is almost complete. A f te r 1986 or 1987, tes ts on
only T-91 w i l l cont inue. I r r a d i a t i o n t e s t i n g is d i rected toward reducing

'•• the existing large conservatism associated with the tensile and fracture
; mechanics properties of austenitic stainless steels for out-of-core
'r applications. All of the data and analyses are intended to contribute
I to lowering the capital costs of LMFBRs by providing a more extensive
i and comprehensive data base which should reduce excess conservatism and,
» at the same time, provide more reliable design margins; and to lowering
! the operating costs by providing improved guidelines for safety
I analyses, plant operation, maintenance, and inspection.
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