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ABSTRACT

Because designs for Liquid Metal Fast Breeder Reactor (LMFBR) power
plants include plant lifetimes to 40 years, an understanding of the
mechanical behavior of the structural alloys used is required for times
of ~2 to 2.5 x 105 h. Most of the alloys used for LMFBR out-of-core
structures and components are in a metastable state at the beginning of
plant lifetime and evolve to a more stable state and, therefore, micro-
structure during plant operation. We reviewed mechanical properties and
microstructures after prolonged elevated-temperature exposure of types
304 and 316 stainless steel, two alloys used extensively in fast breeder
systems. Aging alters properties; in particular, it decreases toughness
and tensile ductility, but the properties are still adequate for service.
Because stable microstructures have been reached in long-term exposures
achieved so far, properties can be expected to remain adequate for service
life exposures.

INTRODUCTION

Liquid Metal Fast Breeder Reactor (LMFBR) power plants are designed
for lifetimes of up to 40 years. For these plants to operate safely and
reliably, which also translates to economically, for their full lifetimes
requires that the major components of the plant must also perform satis-
factorily for similar times, usually for the full plant lifetime. If
the LMFBR is to fulfill its potential role in providing energy self-
sufficiency, major structures and components must also perform reliably for
long operating times, preferably for the design life of the plant. The
energy production and revenue lost because of the required replacement of
any structures or components, combined with the replacement cost of the
structure or component and the expense of purchased power during such an
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unscheduled outage, would seriously affect the cost of electricity and
fuel produced by the breeder. If frequent shutdowns are required for
repair or replacement of major structures and components in near-term
LMFBRs, the breeder would most probably not have the opportunity to
penetrate the utility marketplace or make a significant contribution to
energy self-sufficiency.

To ensure that the plant meets its design objectives requires the
capability to predict materials behavior for times of about 2 x 105 h,
which is the full 40-year design lifetime at a capacity factor of 70%.
To predict materials behavior for anticipated plant lifetimes requires
both a quantitative understanding of the microstructural changes that
can occur in these structural alloys during exposure to LMFBR operating
environments and proven correlations between these microstructures and
the mechanical properties of these alloys. Such understanding and corre-
lations are also required to interpolate materials behavior to systems
conditions that are intermediate to those used in laboratory tests to
develop the mechanical properties design data, to predict the response
of components and structures to off-normal operating conditions, and to
provide the information necessary to scale up from laboratory test con-
ditions and specimen sizes to full-size reactor components and structures.

Structural alloys are in a metastable thermodynamic state at the
beginning of plant lifetime. During prolonged exposure to the temperatures
and stresses of LMFBR operation, these alloys evolve to more stable thermo-
dynamic states and rricrostructures. As the microstructures change, the
mechanical properties also change. Knowledge of the relationships between
mechanical properties and the microstructures that evolve under plant
operating conditions enables the needed extrapolations and interpolations
from test data to operating lifetimes.

Weiss and Stickler reported the thermodynamic and microstructural
changes that occur in type 316 stainless steel when the single-phase
solid solution austenita is exposed to elevated temperatures for pro-
longed times.1 They developed the time-temperature precipitation diagram
for type 316 stainless steel, which describes the formation of M 2 3C 6, eta,
chi, and sigma phases as a function of time and temperature. They have
also reported the changes in the low-temperature Charpy impact strength
that are associated with the precipitation of these phases. Formation
of eta and chi phases results in a large decrease in the low-temperature
(below room temperature) Charpy impact strength. The Charpy impact
strength reaches the lowest values observed when sigma phase is observed
in the microstructure. This information will be used later in this paper
in the discussion of long-term service exposure or aging of type 316
stainless steel and its weldments with type 16-8-2 filler metal and in the
discussion of stainless steel castings.

Types 304 and 316 stainless steal and their associated weld metals
have been the major structural materials for all fast neutron test facili-
ties and experimental fast reactors built or planned to date in the United
States, including the Clinch River Breeder Reactor (Fig. 1) (ref. 2).
Because of the excellent performance of these alloys in those facilities
and their extensive use in current and future U.S. LMFBR designs, this
paper treats these two alloys and, to a considerably lesser extent, weld
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f i l l e r metals used wi th them. This paper presents information on the
mechanical propert ies of these a l loys a f te r long-term (lO4—105 h) e levated-
temperature [>0A0Tm) [Tm = absolute melt ing point ) exposure ( i . e . , ag ing) ,
a f t e r creep, and a f te r fa t igue deformation and on microstructura l evolut ion
during long-term tes t ing and aging. An attempt i s made to re la te the
measured changes in propert ies to the observed changes in microstructure
and to provide a consistent coherent explanation for the proper t ies-
microstructure re la t i onsh ip . Included i s the use of the ex is t ing property
and microstructure data bases for appl icat ions to long-term plant operating
condi t ions.

EXPERIMENTAL DATA AND DISCUSSION

WROUGHT MATERIALS

Tensile Properties

The e f fec ts of laboratory aging or service exposure to times up to
5.1 x 104 h at temperatures up to 649°C (1200°F) on the microstructure and
t e n s i l e propert ies of mi l l -annealed type 316 sta in less steel are shown in
F ig . 2 ( re f . 3 ) . In the unaged condi t ion the microstructure shows only
high-angle grain boundaries. Af ter s ix months (4 x 103 h) at 649°C (1200°F)
large carbide p rec ip i ta te pa r t i c les are present on these boundaries.
Af ter s ix years (5.1 x 1014 h) at t h i s temperature carbide p rec ip i t a t i on has
occurred w i th in the grains as well as at the grain boundaries. Six years
of exposure at t h i s temperature (which i s 0 . 5 3 T W f o r t h i s a l l oy ) has
resul ted in C, Cr$ N i , and Mo that o r i g i n a l l y were in so l i d so lu t ion being
prec ip i ta ted from the matr ix i n to the large par t i c les shown i n F ig . 2. The
strength propert ies at elevated temperature are s t i l l w i th in the scat ter
band of the data for the strength propert ies of unaged ma te r ia l .

However, the t o t a l elongation of material removed from service in a
f o s s i l power plant a f te r s ix years l i e s below that fo r unaged material fo r
a l l t es t temperatures. Because the so l id -so lu t ion-s t rengthen ing elements
have been prec ip i ta ted from the matr ix , the matr ix w i th in the grains should
be very d u c t i l e ; hence, these lov/er d u c t i l i t i e s must be associated wi th
grain boundaries and the phases prec ip i ta ted on these boundaries. In
a d d i t i o n , reannealing fo r 0.5 h at 1065°C (1950°F) a f t e r t h i s exposure
history provides l i t t l e recovery of the d u c t i l i t y , but the strength proper-
t ies after reannealing are unchanged or exhibit further decrease. The
decreased duc t i l i t y after thermal exposure indicates that the aged material
would possess less toughness at the relat ively high strain rates of about
7 x 10~Vs and less resistance to fracture (leak before break) than does
the unaged material. Only the material exposed to the fossi l plant
operating environment exhibits the lower d u c t i l i t y . This environment may
have a detrimental effect on the duc t i l i t y at 649°C (1200°F) i f signif icant
oxidation and surface deterioration should occur in six years. Even for
th is worst condition the minimum total elongation exceeds 20%. This should
be adequate to ensure the integr i ty of out-of-core structures and com-
ponents for LMFBRs.

Additional information on the effects of longer term aging on the
tensi le properties of type 316 stainless steel is contained in Figs. 3
and 4. The data in Fig. 2 are for only 4 aging times, but those in Figs. 3
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and 4 are for 12 aging times.'•J5 For the important temperature range of
application for this steel in LMFBRs [500-625°C (930-1160°F)], the 0.2%
yield and ultimate tensile strengths are either unaffected or increased by
aging. From these data it is reasonable to state that no unforeseen
decreases in strength will occur for unstressed material for service times
between the 10.4 years (Figs. 3 and 4) and the 21 and 28 years of service
required for LMFBRs with 30- and 40-year lifetimes at a capacity factor of
70%. At temperatures above 55O°C (1022°F) precipitation reactions are
essentially complete for this alloy for some of the times shown in Figs. 3
and 4, and a stable matrix and grain-boundary structure should be present.
Ductility falls below the minimum for aging temperatures of 593°C (1100°F)
and above. However, total elongation and reduction of area are still above
25%, which is quite acceptable for all anticipated out-of-core applica-
tions. Some implications of the lower ductility of aged material are
discussed later under toughness properties.

In addition to knowledge of the effects of thermal exposure on the
tensile properties of structural alloys, knowledge of the effects of prior
load exposure is needed for extrapolation to conditions beyond laboratory
tests. Figures 5 and 6 contain data on the effects of prior creep and
fatigue loading, respectively, on the tensile properties of type 304 stain-
less steel.3»6 At 538 and 593°C (1000 and 1100°F), strength and ductility
properties decrease linearly as a function of prior creep strain. Prior
creep strain of 0.17 to 0.18 produces a 20% decrease in ultimate tensile
strength but a much larger decrease in ductility, as shown by the 50%
decrease if) total elongation.

Cyclic loading at 593°C (1100°F) and a total strain range of 0.4%
had no effect on the tensile properties of type 304 stainless steel at
this temperature, even for cycling to 75% of the fatigue life (cycles to
failure). For total strain ranges of 1.0% the yield strength was increased
by about 25%, and the ductility was decreased by about 25%, but the ulti-
mate tensile strength was unaffected. Adding tensile hold times of 0.1 and
0.5 h in each cycle at the 1% strain range had no further effect on the
yield or ultimate tensile strength, but the ductility decreased with
increasing hold time. At 75% of the fatigue life the ductility was
decreased almost 50% by a 0.1-h hold time and at only 50% of the fatigue
life the ductility was reduced by a 0.5-h hold time to only 43% of that
before the creep-fatigue loading. This information indicates that
continuous-cycling fatigue loading at maximun strain ranges up to 1% at
593°C (1100°F) has little, if any, effect on the tensile properties of
type 304 stainless steel. The data in Fig. 6 combined with the data shown
in Fig. 5 illustrate that creep damage produced in either monotonic or
cyclic loading is detrimental to these properties. The property affected
most by creep loading is ductility. Discussion of this decrease in duc-
tility is presented later under the toughness properties.

Creep-Rupture Properties

Figure 7 shows the forms of Cr23C6 precipitate particles in type 304
stainless steel after a creep-rupture test for 59,899 h at 593°C (1100°F)
and 117 MPa.7»8 The precipitate particles are large (50-100 nm across) and
primarily rectangular. Figure 8 shows massive precipitates of sigma phase
and fine precipitation of Cr23C6 in the same sample, and Fig. 9 shows that
sufficient localized chromium depletion from the austenite during precipi-
tation of sigma can result in the sigma being surrounded by 8-ferrite.
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Fig. 7. Transmission electron micrograph of carbon extraction replica
showing forms of Cr23C6 particles extracted from the stressed region of
type 304 stainless steel after 59,899 h (6.8 years) at 593°C (1100°F) and
117 MPa.

Fig. 8. Scanning electron micrograph showing massive sigma phase and
fine particles of Cr23C6 precipitated in the stressed region of type 304
stainless steel during 59,899 h (6.8 years) at 593°C (1100°F) and 117 MPa.
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(a)

(b)

Fig. 9. Scanning electron micrograph showing large islands of
6-ferrite containing fine particles of sigma phase precipitated in the
stressed region of type 304 stainless steel during 59,899 h (6.8 years) at
593°C (1100°F) and 117 MPa.

12



Figure 10 is an optical micrograph from a creep-rupture specimen that
ruptured after 73,435 h (8.4 years) at 593°C (1100°F) and 117 MPa. At the
center of the micrograph is evidence that the original grain boundary moved
during the tes t . The matrix in th is area is apparently void of any preci-
pi tates. They were dissolved during the grain-boundary movement under the
applied stress. The grains contain an essentially uniform distr ibut ion of
carbide part ic les, and massive sigma phase particles are found at grain-
boundary intersections. Figures 7 through 10 are a l l in excellent agreement
with the relat ively short-term aging studies of Weiss and St ick ler . 1 The
information derived from these figures shows that the time-temperature-
precipitat ion diagrams developed by Weiss and Stickler for types 304 and
316 stainless steel can be very effectively used to predict the micro-
structures and associated mechanical properties of these alloys for long-
term testing and service conditions in the operation of LMFBRs.

Figure 11 contains data for the creep-rupture l i f e for 11 heats of
type 304 stainless steel tested at 593°C (1100°F) in th is program and the
minimum time to rupture curve for ASME Code Case N-47. Except for a few
tests at 172 MPa the long-term creep-rupture properties for type 304
stainless steel are well above the ASME minimum for rupture l ives up to
9.6 x 101* h.

Figure 12 shows the creep curves at 593°C (1100°F) and a stress of 172
MPa for type 316 stainless steel in the annealed condition and after aging
for 101* h at 593°C (1100°F). This aging increased the secondary (steady-
state) creep rate, rupture l i f e , rupture d u c t i l i t y , and the time to onset
of ter t ia ry creep. The effects of a much longer aging time (4.4 x 101* h)
on the creep rupture curves for type 316 stainless steel at 593°C (1100°F)
are shown in Fig. 13 for stress of 207 MPa. At 172 MPa (same stress as in
Fig. 12) aging for 4.4 x 104 h resulted in a large increase in secondary
creep rate and a sl ight increase in duc t i l i t y and in a s l ight decrease in
the times to the onset of te r t ia ry creep and rupture. For the higher
stress of 207 MPa this aging resulted in a large increase in the secondary
creep rate and duc t i l i t y and in large decreases in the times to onset of
te r t ia ry creep and rupture. Note that aging increases creep duc t i l i t y (low
strain rates) but decreases tensile duc t i l i t y (high strain rates).

Figure 14 shows log stress data versus the log creep rupture l i f e at
593°C (1100°F) for type 316 stainless steel annealed and after aging for
times up to 7.4 x 101* h (8.5 years) at temperatures from 482 to 649°C
(900-1200°F). Also shown in Fig. 14 is the log of minimum strength versus
log rupture l i f e from ASME Code Case N-47. For a l l aging histories shown,
the time to rupture for aged material exceeds that for the ASME minimum.
Hence, long-term thermal exposures (~5 years) at temperatures up to 649°C
(1200°F) and stresses too low to drastical ly a l ter the precipitation reac-
tions do not shorten the subsequent creep-rupture l i f e of type 316
stainless steel at temperatures up to 593°C (1100°F). As stated for the
tensi le properties, l i t t l e or no further effects of aging on the creep-
rupture properties are expected as a result of additional thermal exposures
at low stresses for temperatures up to about 593°C (1100°F).9

Figures 15 and 12 show optical metallography from the annealed
material and material aged for 101* h at 593°C (1100°F) and creep-rupture
tested at 172 MPa at 593°C (1100°F). In annealed material the applied
stress resulted in considerable grain-boundary cavitation [15(a) l and
intergranular fa i lure with l i t t l e or no plast ic deformation of the grains,
but in aged material the same applied stress resulted in extensive plastic
deformation of the grains and small ducti le intragranular cavi tat ion,
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Fig. 10. Optical micrograph showing large amounts of carbide precipi '
tat ion within the matrix and large sigma phase part icles at the grain
boundaries in the stressed region of type 304 stainless steel during
73,435 h (8.4 years) at 593°C (1100°F) and 117 MPa.
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Fig. 11. Time to rupture ds a function of applied stress at 593°C for
11 heats of type 304 stainless steel and ASME Code Case N-47 minimum for
type 304 stainless steel at 593°C.
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leading to ducti le tearing with no observable grain-boundary cavitation
or intergranular fa i lure [15(6)] . The higher duc t i l i t y and the associated
benefits of the aged material compared with those of the annealed material
are clearly evident in Fig 15. Figure 12, which includes micrographs at a
much higher magnification than Fig. 15, shows the details of the micro-
structure and mode of fa i lure for [Fig. 12(a)] the aged and [Fig. 12(6)]
annealed materials. The annealed material has some precipitate particles
at the grain boundaries but no precipitation within the grains. Inter-
granular cavitation and cracking are the dominant modes of fa i lu re . The
aged material has ma,:y small precipitate particles at the grain boundaries
and within the grains. For th is microstructure, deformation of grains and
nucleation of cracks at annealing twins are the dominant mode of deform-
ation and fa i l u re . 1 0 Precipitation during aging has strengthened the grain
boundaries relat ive to annealed material and has thereby eliminated in ter-
granular cavitation and fracture, resulting in longer creep-rupture l i f e .

Figure 16 provides similar information for th is alloy aged 4.4 xlO1* h
at 593°C and creep-rupture tested at 593°C (1100°F) and 207 MPa. The most
important aspects of Fig. 16 are that the precipitate structure and defor-
mation mode in the aged material have not changed from that shown in
Fig. 12(a), which was aged for 104 h before testing at a s l ight ly lower
stress. This provides further evidence for the desired s tab i l i t y of the
aged structure for elevated-temperature applications in LMFBRs.

Figure 17 shows the sigma phase precipitate present in type 316
stainless steel after 1.25 x 105 h (11.4 years) of service at 621°C (1150°F)
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Fig. 15. Fracture behavior of type 316 stainless steel creep-rupture
tested at 593°C (1100°F) and 172 MPa. (a) Annealed; extensive intergranu-
lar cracking with large cavities and no intragranular deformation, (h) Aged
for 101* h at 593°C (1100°F); considerable intragranular deformation with
few small to medium-size cavi t ies.
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Fig. 16. Optical micrograph of type 316 stainless steel aged for
4.4 x 10^ h at 593°C (1100°F) before creep testing. Precipitate structure
and mode of failure are the same as for material aged for 101* at 593°C
(1100°F) shown in Fig. 12.



(b)

(d)

Fig. 17. Scanning electron micrographs of ty^e 316 stainless steel
pipe after 1.25 x 105 h (14.3 years) of service at 621°C (1150°F).
{a) Overview. (&) Laminated structure of large sigma phase particles shown
in the grain boundaries of (a). (3) Del ami nation of sigma phase particles
and matrix precipitate, {d) Del ami nation of another sigma phase particle
and additional matrix precipitate.
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(ref, 4) and is very consistent with the analysis of Weiss and Stickler.1

Although this temperature is well above that anticipated for type 316
stainless steel for out-of-core applications, testing at lower temperatures
must be continued to determine i f similar structures wi l l be produced by
longer exposures at lower temperatures combined with LMFBR operating
stresses.

Fatigue and Creep-Fatigue Properties

Figures 18 through 20 show the effects of shorter term aging on the
cyclic creep-fatigue lifetimes and microstructures of type 316 stainless
steel at 550°C (1022°F). All three figures show the same plots of log
strain range against log fatigue l i f e ; however, each of these figures
shows a different and important aspect of the microstructures associated
with the different fatigue lines. The dashed curve is the log of strain
range versus the log of fatigue l i f e for continuous cycling. For annealed
material (curve a) a tensile hold period of 0.5 h during each cycle reduces
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Fig. 18. Cycle life Nf as a function of strain range for cyclic
creep-fatigue of type 316 stainless steel at 550°C (1022°F) and optical
micrographs for material (a) as annealed, {b) aged for 103 h at 593°C
(1100°F) and, (e) aged for 2 x 103 h at 750°C (1382°F). Dashed line is for
continuous cycling fatigue with no hold time.
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Fig. 19. Cycle l i f e Nf as a function of strain range for cyclic
creep-fatigue of type 316 stainless steel at 550°C (1022°F) and scanning
electron micrographs for material (a) as annealed, (b) aged for 103 h at
593°C (1100°F), and (a) aged for 2 x 103 h a t 75o°c (1382°F). Dashed l ine
is for continuous cycling fatigue with no hold time.

the creep-fatigue l i f e to only one-fourth that for continuous cycl ing.
Aging for 103 h at 593°C (1100°F) (curve b) improves the creep-fatigue l i f e
to approximately two-thirds of that for continuous cycling. Aging for
2 x 103 h a t 750°C (1382°F) (curve e) improves the creep-fatigue l i f e to
almost 25% greater than that for continuous cycling and more than 4 times
that for unaged material under the same test conditions. Aging also
improved the continuous-cycling fatigue l i f e , but the magnitude of the
improvement is not as great as that for the creep-fatigue l i f e .

The microstructure is shown by optical microscopy in Fig. 18. The
annealed material (a) shows a small amount of precipitation (M23C6) at the
grain boundaries and very l i t t l e observable precipitation within the
grains. In ( i ) more precipitation occurs at the grain boundaries, and pre-
c ip i ta t ion is observable at annealing twin boundaries and other sites
within the grains. In (<?) more massive precipitation is seen at the grain
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Fig. 20. Cycle l i f e Nf as a function of strain range for cyclic
creep-fatigue of type 316 stainless steel at 550°C (1022°F) and scanning
electron fractographs for material (a) as annealed, (b) aged for 103 h at
593°C (1000°F), and (o) aged for 2 x 103 h a t 750°C (1382°F). Dashed l ine
is for continuous cycling fatigue with no hold time.

boundaries and within the grains, and the intragranular precipitate par-
t i c les appear to be larger than in (b). Figure 19 shows scanning electron
microscopy for material having the creep-fatigue lives shown by curves a,
b, and <?. The amount of grain-boundary precipitate increases by large
increments during aging, as shown in micrographs (a), (&), and (c). This
figure clearly shows that the increase in creep-fatigue l i f e on aging is
due to the alteration of the grain-boundary and matrix structure by the
precipi tat ion.

Figure 20 shows scanning electron fractography associated with creep-
fatigue curves (a), [b), and [a). For annealed material (a) fracture is
intergranular with very l i t t l e evidence of ducti le behavior. For (b)
intergranular fa i lure is combined with some ducti le tearing. In (a) the
fractograph indicates that fai lure was to ta l l y by intragranular ducti le
tear ing, with no evidence of b r i t t l e intergranular fa i lu re . As discussed
ear l ier , alteration of the grain-boundary and matrix microstructure by
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these precipitates reduces or eliminates grain-boundary cavitation and
cracking during creep loading and thereby improves the creep-rupture and
creep-fatigue properties.

Toughness Properties

The Charpy impact properties of austenitic stainless steels are not
measured or cited very often because these steels do not lose fracture
toughness or change from ductile to brittle behavior at low temperatures.
However, as shown in Fig. 21(a), prolonged elevated-temperature exposure of
type 316 stainless steel can result in room-temperature Charpy impact
strength values that are less than 10% of that for material in the annealed
and unaged condition. Data in Fig. 2l(a) are for both laboratory test
specimens and material taken from actual power plant components. Recall
that, as shown in Figs. 2 through 6, ductility is the property that is
affected most by prior creep or fatigue loading or by thermal exposure for
type 316 stainless steel under tensile loading (relatively high strain
rate). This decrease in ductility under tensile test conditions is further
manifested in the Charpy impact strength. Charpy impact strength values
for type 316 stainless steel weldments with type 16-8-2 weld alloy agree
reasonably well with those for base metal, as shown in Fig. 21(£). For the
time, temperature, and stress conditions shown in Fig. 21(fc), the Charpy
impact properties of the weld metals are superior to those of the base
metal. Work is in progress to attempt to relate the room-temperature
Charpy impact properties with the elevated-temperature slower strain rate
properties of these materials. This is not considered a concern for LMFBR
systems because room-temperature Charpy impact values exaggerate the
decrease in elevated-temperature toughness on aging and because LMFBR
systems are not exposed to temperatures below refueling temperatures of at
least 205°C (400°F), until shutdown at the end of the plant lifetime for
decommissioning.

WELD METALS

The development of austenitic stainless steel welds with improved
mechanical properties has been an objective of th is program and the LMFBR
programs of other nations. The American Society of Mechanical Engineers
(ASME) imposes a strain l imitat ion for a l l welded structures that operate
at temperatures so high that creep can occur. Strain accumulation in the
weld is restricted to one-half that in the base metal. In an attempt to
reduce the strain l imi ts in welded structures of adstenitic stainless
steels, the role of trace elements in the mechanical properties of
types 308, 316, and 16-8-2 stainless steel weld metals was studied. Boron,
phosphorus, and titanium each improves the elevated-temperature mechanical
properties of these weld metals; however, maximum improvement in properties
occurs when small concentrations of the three of these elements are com-
bined at controlled concentrations in these a l loys . 1 1 " 1 3 Weld materials
containing controlled concentrations of these elements are referred to as
controlled residual element (CRE) al loys. The composition that is
currently used to improve the mechanical properties of these alloys is
0.0112 to 0.008 wt % B, 0.03 to 0.05 wt % P, and 0.35 to 0.80 wt % Ti .H-13

Figure 22 shows the improvement in creep rupture l i f e for types 308,
316, and 16-8-2 CRE stainless steel weld metals relat ive to the standard
al loys. For a l l tests the rupture lives of CRE welds exceed those of the
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standard alloy. Figure 23 shows that CRE provides a significant improve-
ment in rupture life at 649°C (1200°F) for the 16-8-2 weld metal. Also
shown in Fig. 23 are microstructures of (a) gas tungsten arc (GTA) type
16-8-2 CRE weld metal and {b) GTA type 16-8-2 standard commercial weld
metal. The microstructure of the CRE weld is much more uniform and on a
much finer scale than that for the standard commercial weld metal.
Figure 24 shows the microstructure of (a) CRE and (2>) commercial 16-8-2
weld metal tested under the same conditions. The standard weld metal has a
coarse dendritic microstructure with extensive cracking predominantly at
the interfaces between austenite and 6-ferrite. The microstructure in the
CRE weld metal is much finer and free of cracks.
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Fig. 23. Time to rupture as a function of stress at 649°C (1200°F)
and associated optical microstructures for commercial and controlled res i -
dual element gas tungsten arc type 16-8-2 welds.

Figure 25 shows the minimum rupture l i f e versus applied stress for GTA
and submerged arc (SA) CRE welds and standard welds. These are calculated
by the ASME procedure for base metals. For a l l three weld metals the CRE
is superior. Figure 26 shows the ASME Code Case N-47 stress-rupture reduc-
t ion factors for commercial 16-8-2 weld metal at 454, 538, and 593°C (850,
1000, and 1100°F) and the proposed stress-rupture reduction factor for
16-8-2 CRE for temperatures up to 593°C (1100°F). For CRE no reduction
from unity is required for times up to 2 x 101* h, and tests are under way
to extend this to times of 105 h and beyond. These data represent a
valuable and signif icant contribution to the development of austenitic
stainless steel f i l l e r metals and weldments with improved mechanical
properties.

CAST MATERIALS

In addition to the development of filler metals and weldments with
improved mechanical properties, the U.S. LMFBR Materials and Structures
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\t>)
I
Fig. 24. Optical micrographs showing (a) fine equiaxed structure of

controlled residual element 16-8-2 weld allo> and [b) coarse ansotropic
structure with extensive cracking of commercial 16-8-2 weld alloy.

28



649°C

(a)

TYPE 308 STAINLESS STEEL WELD METAL

CRE

CONVENTIONAL

102 103 104

RUPTURE LIFE Ihl

10s 106

649°C

(b)

TYPE 316 STAINLESS STEEL WELD METAL

CRE

CONVENTIONAL

103 104

RUPTURE Llf E Ih)

I 0 5

100

40

20

10

5

106

500

"3 300

649°C

TYPE 16-8-2 STAINLESS STEEL WELD METAL

CRE

CONVENTIONAL

103 104

RUPTURE LIFE (h)

105

100

30

60

40 £

106

Fig. 25. Time to rupture as a function of applied stress at 649°C
(1200°F) for conventional and controlled residual element submerged arc
(SA) and gas tungsten arc (GTA) welds, (a) Type 308 stainless steel.
[b) Type 316 stainless steel. (<?) Type 16-8-2 stainless steel.

29



105

100

£ 95

2 90
u
Q

in

85

80

75

>\ PROPOSED FACTORS FOR CRE-
V \ TO 593°C (14OO°F)

454°C (850°F)

(1000°F) —i

ASME CODE CASE N-47 STRESS
RUPTURE FACTORS,16-8-2

.WELD METAL, 316 BASE METAL.

tor 103 1Ob 107

TIME(h)

Fig. 26. Stress reduction factors for ASME Code Case N-47 for 16-8-2
controlled residual element and commercial 16-8-2 weld metals for tem-
peratures up to 593°C (1100°F).

Program of Mechanical Properties for Design Data has equal emphasis on the
mechanical behavior of castings of types 304 and 316 stainless steel, CF8
and CF8M, respectively. Castings of these two alloys have been used for
core lower internal structures and for several components of sodium pumps
for LMFBRs. For some components, such as pump impellers, the use of cast
material is the only feasible method for producing complex geometries.

The mechanical properties of CF8 and CF8M are very sensitive to the
6-ferrite content and morphology in these materials.14-16 yne initial
thermodynamic states and microstructures of these castings are extremely
unstable when exposed to temperatures above about 350°C.ll+-16 The
6-ferrite present in the original cast material has a very large influence
on the mechanical properties of these materials for times up to the design
lifetimes of the power plants in which they are used. During service
exposure to temperatures above 533°C (1000°F) the 6-ferrite transforms to
sigrna phase and austenite. At lower temperatures it transforms to austenite
and alpha prime, which is a chromium-rich (~26% Cr) phase.i**"16 Both sigma
and alpha prime phases reduce the ductility of CF8 dnd CF8M. The ferrite
content and morphology present in the initial cast structure determine the
distribution and geometry of the resulting sigma or alpha prime phases and
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austenite produced during elevated-temperature exposure. Recall that forma-
tion of sigma phase results in large decreases in the toughness properties
of austenitic stainless steels.1 Sigma and alpha prime phases have a much
larger detrimental effect on mechanical properties when they are acicular
or form continuous or semi continuous networks within the austenite than
when they are present as isolated globules. High initial ferrite contents
(>15%) and very large ferrite islands in the original cast structure result
in mechanical properties that are inferior to those of castings with low
(5-12%) initial ferrite contents and small isolated ferrite islands.

To avoid the uncontrolled transformation of ferrite to sigma phase and
austenite during power plant operation, most castings are given a dimen-
sionally stabilizing heat treatment before use at elevated temperatures.
The heat treatments are called dimensionally stabilizing because the
transformation from the less dense ferrite to sigma phase and denser (close-
packed structure) austenite densifies the casting. This densification
results in dimensional changes in the casting. The magnitude of the
dimensional decrease of the casting is proportional to the initial ferrite
content of the casting and the amount of stress relaxation that occurs
during the heat treatment.

Determination of the effects of initial ferrite content and morphology
on the mechanical properties of CF8 and CF8M for applications in LMFBR
components is a high-priority task within the current Materials and
Structures Program. Measurements are in progress to determine the effects
of long-term (101* to 5 x 104 h) aging and of dimensional ly stabilizing heat
treatments on the tensile, creep-rupture, fatigue, and fracture mechanics
properties of CF8 and CF8M.

Figure 27 shows the microstructure and microhardness indention marks
in CF8M with a ferrite content of 20 to 25% (a) in the as cast condition,
(b) after 168 h at 482°C (900°F), and [o) after 24 h at 732°C (1350°F). In
Fig. 27(a) the austenite appears white and the 6-ferrite appears gray.
Note the small difference in hardness between the austenite and ferrite as
shown by the size of the hardness indentation. Figure 27(i) shows yery
large increase (77%) in the hardness of the ferrite, with no observable
change in its microstructure; the structure and hardness of the austenite
remain approximately constant. Figure 27(e) shows an observable change in
the microstructure of the ferrite, and its hardness is a little less than
that shown in (h); again the structure and hardness of the austenite ex-
hibit little change.

The room-temperature Charpy impact strength of this material was
measured in the as-cast condition and after the dimensionally stabilizing
heat treatment given the material shown in Fig. 27(e). Table I contains
the Charpy impact values for the two thermodynamic states. The dimen-
sionally stabilizing heat treatment has resulted in a severe embrittlement
of the casting with a decrease in the Charpy impact strength from an
average of 381 to 12 J (207-9 ft-lb). This is consistent with the 80%
reduction in Charpy impact properties observed by Landerman and Bamford
after aging of CF8M (ref. 14). Testing is under way to measure the effects
of dimensionally stabilizing heat treatments on the other mechanical prop-
erties of CF8M.
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AS-CAST
X = 185 ± 6dph
a = 235 ±22dph

AS - CAST + 482°C for 168h AS-CAST + 732°C for 24h
X = 172 ± 4 dph X = 163 ± 7 dph
a =417±6udph a = 372±98dph

Fig. 27. Optical micrographs showing austenite, 6 - fe r r i te , and microhardness indentions in
CF8M. (a) As Cast, {b) After 168 h at 482°C. (a) After 24 h at 732°C.



Table I. Decrease in room-temperature
Charpy impact strength due to

heat treatment of CF8M

SUMMARY

The l o n g - t e r m mechan ica l
properties of types 304 and 316
stainless steel can be corre-
lated with the microstructures
that are produced during
elevated-temperature testing
and/or service exposure rele-
vant to LMFBR application. The
information presented in this
paper supports the following
conclusions.

• Long-term aging (up to
91,000 h so far) at tem-
peratures up to about
600°C (1100°F) has no
detrimental effect on the
tensi le strength of type
316 stainless steel .

• This long-term aging
decreases the duc t i l i t y of
type 316 stainless s tee l ;
however, after 91,000 h at
649°C (1200°F) the duc-
t i l i t y is s t i l l adequate
for any anticipated out-
of-core applications.

• Creep loading before ten-
s i le loading reduces the
tensi le properties.

Fatigue loading before tensile loading has no effect on the tensi le
properties, but cyclic creep-fatigue loading reduces tensile duc-
tility.
Long-term aging produces M23(C,N)6, sigma phase, and 6- fer r i te in
types 304 and 316 stainless steel in accordance with the analysis of
Weiss and Stickler. Therefore, precipitat ion and phase s tab i l i t y data
may be used to predict long-term behavior of these alloys for LMFBR
service.
For long-term testing and aging (~96,000 h so far) of types 304 and
316 stainless steel , the times to rupture as a function of applied
stress exceed the minimum for ASME Code Case N-47.
For type 316 stainless steel , aging before creep loading increases the
steady-state creep rate and creep duc t i l i t y and may or may not
increase the time to rupture.
Short-term aging increases the fatigue l i f e and creep-fatigue l i f e of
type 316 stainless steel by strengthening the grain boundaries.
Long-term aging or service exposure at elevated temperature decreases
the room-temperature Charpy impact strength of type 316 stainless
steel and i t s weldments with type 16-8-2 f i l l e r metal.

(J)

261
277
267

245
268
272

326
295
317

Charpy impact energy

As cast

(ft-lb)

i

Heat treated at
732°C for 24 h

(J)

Longitudinal

192
204
195

8
9.5
12

Transverse

180
197
200

15
11
18

Thickness

240+
217
233

9.5
13.5
12

(ft-lb)

6
7
9

11
8
13

7
10
9
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• Aging or dimensionally stabilizing heat treatments can produce very
large reductions in the room-temperature Charpy impact strength of
CF8M cast stainless steel with initial ferrite contents greater than
15%.

The information obtained to date indicates that the mechanical proper-
ties of the austenitic stainless steels types 304 and 316 are satisfactory
for the temperature and load conditions anticipated for the design lifeti-
mes of LMFBR out-of-core structures and components.
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