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In the late 60's and early 70's numerous U.S.
publications (1,2,3) recognized the need for liquid
metal fast breeder reactors (LMFBR) in the U.S.
power generation industry. A significant LMFBR
economy was forecast for the 1980's (4). Subsequent
forecasts predict a delay to the 1990's and a
decrease in the rate of introduction of LMFBRs (5).
A typical recent forecast is illustrated in
Figure 1. This projection is in contrast to the
activity of France, Japan, United Kingdom, and West
Germany, with France leading the way (6) having
operated the 250-MW(e) Fhenix since 1973 and sched-
uling criticality of the 1200-MW(e) Super Phenix ir<
1984 as shown in Table I.

Table I, Power Producing Breeders Worldwide
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Figure 1 - Future U.S. nuclear power

The Experimental Breeder Reactor-II (EBR-II)
was the first significant step in the United States'
effort to develop a breeder reactor economy (7). In
1963, It began low-power operation on its approach
to full power of approximately 20 MW(e) producing
438°C (820°F) steam at 8.62 MPa (1250 psig). The
evaporators/superheaters were made of 2 1/4 Cr-1 Mo
steel duplex tubes attached to double tuhesheets of
the same material. Historically, tube-to-tube iheet
(TTS) joints for both fossil and light-water reactor
(LWR) systems are of the face-side variety (8). The
joint design selected for the EBR-II was a simple
fillet weld (Figure 2) on each of the double tubt-
sheets at the feedwater Inlet and superheat steam
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outlet. This reactor is still in service after 20
years of successful operation (7).

In 1963, the Enrico Fermi Atomic Power Plant
(EFAPP) also began low-power operation (9). This
70 MW(e) plant was the first commercial venture for
the United States. The tubes and tubesheets of the
steam system were also of 2 1/4 Cr-1 Mo steel;
however, the tubes were single wall. The tubes were
rolled into the tubesheet, face-side fillet welded,
and then rerolled; no postweld heat treatment (PWHT)
was performed. This later proved to be a serious
omission. The plant generated 416°C (780°F)
621 MPa (900 pslg) steam intermittently between 1963
and 1973 (10).

In addition co a core-flow blockage which
resulted in fuel melting In 1966 requiring repair
and relicensing prior to restartup in 1969, the
reactor experienced numerous steam generator TTS
joint leaks. Thousands of repair welds were made in
the three steam generator units, utilizing the con-
cept of internal bore welding (IBW) as shown in
Figure 3.
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Figure 2 - Face-side tube-to-tubesheet welds —
EBR-II double-wall tube/double tubesheet design.
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Figure 3 - Steam generator weld repair techniques.

The EFAPP experience no doubt influenced the
designers of the Clinch River Breeder Reactor Plant
(CRBRP) to adopt the inspectable IBtf joint design
with PWHT (11) as shown ir. Figure 4. This reactor
is expected to reach criticality in 1989 and will
generate 350 MW(e) with 485°C (905°F) at 10.5 MPa
(1535 psig) steam.

Figure 4 - Reference tube-to-tubesheet boreside weld
joint design.

Selection of 2 1/4 Cr-1 Mo steel as the refer-
ence steam generator material for the CRBRP occurred
after careful consideration of the following
criteria (11):

1. proven availability, weldability, and
fabricability;

2. acceptable mechanical properties at
temperature;

3. metallurgical stability in sodium at
temperature;

4. compatibility with normal and off-normal
evaporator; water and superheated steam;
and

5. acceptance for high-temperature service
under Sect. Ill of the ASME Boiler and
Pressure Vessel Code, including paragraph
N47, the basic standards for demonstration
plant steam generator manufacture at the
time.

Operating experience with this ferritic steel,
as well as tests performed under very severe con-
ditions, indicates a virtual immunity to stress-
corrosion cracking (SCC) induced by chloride
contamination. This behavior is in direct contrast
with the sensitivity to SCC exliitited by the austen-
itic stainless steels. Only exposure to very severe
conditions of caustic in high concentrations or in
combination with other impurities (e.g., nitrates)
has been observed to cause the rapid failure of the
2 1/4 Cr-1 Mo steel.

This alloy has also been selected for use in a
number of foreign (LMFBR) demonstration plants (11).
It is interesting to note, however, that the French
Phenix reactor [513°C (955°F) superheat steam], the
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Japanese Monju reactor [485°C (905°F) superheat
steam], and the United Kingdom's prototype fast
reactor (PFR) (573°C (955°F) superheat steam] con-
fined 2 1/4 Cr-1 Mo steel to the low-temperature
evaporator circuit and selected an austenitic
stainless steel for the superheater, despite the
recognized susceptibility of the latter to SCC in
the presence of chloride and caustic contaminants.
A serious consideration was probably the better
design allowable stresses for austenitic steels.
The austenitics ar2 significantly stronger at
temperatures above <v482°C (900°F).

Each of the above foreign reactors relies on a
steam separator to assure that contaminants in the
evaporator water do not carry over into the
superheat circuit. This provides confidence that
chloride SCC will not be a problem because of the
limited solubility (W<2 ppm) in the superheated
steam.

One of the major advantages of an IBW weld is
its inspectability by radiography utilizing a rod-
anode x-ray tube especially developed for this
application, Figure 4 (12). In-service inspection
(ISI) is al3O facilitated by utilizing ultrasonic
testing.

In the event of small leaks in single-wall
designs, early detection is necessary to prevent
growth into large leaks and subsequent sodium-water
reactions. A precautionary step which is univer-
sally accepted has been to include in the design an
intermediate heat exhanger (IHX), Figure 5. This
results in a separation of primary (activated) and
(inactive) sodium and thus avoids the problem of
remote maintenance in the secondary heat-transport
system should such a steam generator leak occur.

Figure 5 - Liquid Metal Fast Breeder Reactor

The failures experienced at the United Kingdom
PFR is an example of the risk involved in the use of
astenitic (type 316 stainless steel) superheaters
(13). Failures in the TTS area, Figure 6, in the
2 1/4 Cr-1 Mo evaporators were attributed in part to
the lack of PWKT. • ferritic steel, 9 Cr-1 Mo, has
been selected for the replacement tube bundle and as
reference material for the follow-on commercial fast
reactor (CFR).

IL has also been reported that the Phenix reac-
tor will replace a number of type 321 stainleos
steel reheaters as a consequence of leaks after
seven years of service (14).

WELDED

Figure 6 - Typical UK PFR internal bore weld design.

Another approach to avoiding sodium-water reac-
tions is being examined by the United States steam
generator development program (7,15). A double-wall
double-tubesheet design similar to the EBR-II has
been proposed which incorporates four equally spaced
grooves formed during the drawing process on the
inside diameter of the outer (sodium) tube, Figure 7.
These grooves allow high-pressure steam/water side
leaks to be detected by the intermediate pressure
helium in the plenum between the double tubesheets.
They also allow a sodium-side leak to be detected by
the flow of intermediate pressure helium into the
lower-pressure sodium. The probability of both
sodium-side and Bteam/water side leaks occurring In
the same tube is considereu very sma]1 (16). Hence,
the likelihood of sodium-water reaction is
considered negligible.
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Figure 7 - Double-wall tube and tube-to-tubesheet
weld configurations.



The complexity of this promising design
]• requires the use of face-side fillets. Radiography

and ultrasonic inspection procedures are being devel-
oped for manufacturing and in-service inspection,
respectively.

The thermal efficiency of this concept depends
on intimate contact between the inner and outer
tubes during the service lifetime of 30 years or
more. In the lower temperature regime, such as in
the case of the EBR-II, the ASME Code allowables for
2 1/4 Cr-1 Mo steel appear to be adequate. For
high-temperature service, the ASME Code Section III
limits the selection to types 304 and 316 stainless
steel and Alloy 800H, Figure 8; all of which are
susceptible to chloride and caustic SCC. "herefore,
the need for a high-strength ferritic steel for
elevated-temperature service has been apparent.
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Figure 8 - Current choice of AShE Code approved
materials for elevated-temperature service.

In 1974 (17), a Task Force was authorized by
the Department of Energy (DOE), at that time the
Energy Research and Development Administration
(ERDA), to conduct a three-phase study directed at
(1) evaluation of the deficiencies of the structural
alloys, types 304 and 316 stainless steel;
(2) selection of candidate alloy(s) which gave prom-
ise of improved performance; and (3) development of
a plan for acquisition of the data base that would
support use of an improved alloy in future LMFBRs in
the United States. Responsibility for the study was
assigned to Oak Pidge National Laboratory and the
findings led to a recommendation for development of
an improved ferritic steel.

The study (with considerable ir>put from the
U.S. industry) which identified the need for an
improved ferritic steel considered a number of
alternative materials. Classes considered in the
study included ferritic steels (8—14% Cr), austeni-
tic steels, and nickel-bearing solid-solution
alloys. A number of commercially available
materials in each class were evaluated in accordance
with the following criteria: corrosion, welding,
fabricability, mechanical properties, engineering
code requirements, design costs, and availability.
A strong recommendation was made for development of
a modified 9 Cr-1 Mo high-strength steel to offset

the difficulties encountered with commercially
available steels of the 3—12% Cr group.

Following review of the Task Force
Recommendations, ERDA elected to sponsor a research
and development effort on development of a modified
9 Cr-1 Mo alloy initially for LMFBR steam generator
application.

Early work (11,18) was conducted under sub-
contract to Combustion Engineering, Inc. (CE). Work
has continued at CE under subcontract to ORNL.
Other national laboratories, and a number of private
companies and utilities have also participated in
the research and development. Criteria for
measuring the degree of success of the modified
9 Cr-1 Mo steel development program were established
early. The most demanding of these was the goal of
a design allowable stress intensity equal or higher
than type 304 stainless steel at temperatures to
•593OC (1100°F). Data generated to date indicate
success in meeting this criterion (19,20,21,22),
Figure 9. The data appear to confirm that the
United States alloy has significant advantage over
that being considered by the United Kingdom
[unmodified 9 Cr-1 Mo] and is comparable to the
French [9 Cr-2 Mo (EM12)] or the German
[12 Cr-1 Mo-W (HT9)] steels, Figure 10
(11,23,24,25).
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Figure 9 - Estimated design allowable stresses as a
function of temperature for modified 9 Cr-1 Mo steel.

The ultimate goals of the DOE program have been
to (1) establish ASTM specifications, (2) obtain
ASME code approval for non-nuclear applications to
Sections I and VIII by the fall of 1983, and
finally, (3) obtain ASME code Section III approval
for nuclear applications by the end of 1985.
Following these events, it is anticipated that reac-
tor manufacturers in the United States, and possibly
worldwide, will evaluate the potential application
of the modified 9 Cr-1 Mo steel as a structural
alloy for both the intermediate and secondary heat-
transport systems. It is entirely possible that
serious consideration would be given to the use of
this steel in the primary heat-transport system as
well; thus eliminating the requirements for tran-
sition joints between ferritic and austenitic
materials.
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Figure 10 - Comparison of elevated temperature
strength of ferritic steels being considered for
LMFBRs worldwide.

Finally, demonstration of the reliability of
the double-wall steam generator concept could lead
designers to eliminate the intermediate transport
system in its entirety thereby achieving the
ultimate in simplicity and economy.
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