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Abstract
A program is being conducted to investigate the significance
of in-service embrittlement of cast-duplex stainless steels under
light-water reactor operating conditions. Data from roomtemperature Charpy-impact tests for several heats of cast stainless
steel aged up to 10,000 h at 350, 400, and 450°C are presented and
compared with results from other studies. Microstructures of castduplex stainless steels subjected to long-term aging either in the
laboratory or in reactor service have been characterized. The
results indicate that at least two processes contribute to the lowtemperature embrittlement of duplex stainless steels, viz., weakening of the ferrite/austenite phase boundary by carbide precipitation and embrittlement of ferrite matrix by the formation of
additional phases such as G-phase, Type X, or the a' phase.
Carbide precipitation has a significant effect on the onset of
embrittlement of CF-8 and -8M grades of stainless steels aged at
400 or 450°C. The existing correlations do not accurately represent the embrittlemcnt behavior over the temperature range 300 to
450°C.
1.

Introduction

The ferrite phase in the duplex austenitic/ferritic structure of cast
stainless steels increases the tensile strength and improves weldability,
resistance to stress corrosion, and soundness of casting of these steels.
However, various carbide phases, intermetallic compounds such as sigma and chi
phase, and the chromium—rich a 1 phase can precipitate in the ferrite phase
during service at elevated temperatures and lead to substantial variations in
mechanical properties.
It has long been known that ferritic stainless steels
are susceptible to severe embrittlement when exposed to temperatures in the
range of 300 to 500°C, due to prf dLpitation of the a' phase.^»^ The potential
for significant embrittlement of cast-duplex stainless steels has been
confirmed by recent studies on cast materials that were aged at temperatures
between 300 and 450°C for times up to 70,000 h (~8 y r ) . '
In general, thermal aging of cast-duplex stainless steels at temperatures
<450°C causes an increase in hardness and tensile strength and a decrease in
ductility, Charpy-impact strength, and J-^Q fracture toughness of the material. The room-temperature impact energy can be reduced by -80% after aging

for ~8 yr at temperatures as low as 300°C.
The ferrite content of the cast
structure has a pronounced influence on the embrittlement behavior, namely, an
increase in ferrite increases susceptibility to embrittlement. Most investigations characterize the degree of embrittlement primarily in terms of Charpyimpact energy in notched toughness tests. The fracture mechanics analyses
needed to assess the behavior of piping and components under reactor operating
conditions require measures of fracture toughness obtained by J-R curve
tests. Such toughness measurements have not been carried out on long-term,
low-temperature aged material or on material that has actually experienced
reactor service.
The current "best estimates" of degree of embrittlement at the operating
temperatures of light-water reactors (LWRs), i.e., 280 to 320°C, are obtained
from Arrhenius extrapolations of the laboratory data. The aging time to reach
a given degree of embrittlement at different temperatures is determined from
t = 10Pexp|2|^--^||,

(1)

where Q is the activation energy, R the gas constant, T the absolute temperature, and P the aging parameter which represents the degree of aging reached
after 10 h at 400°C. The activation energy for the process of embrittlement
has been described as a function of chemical composition of the cast
material.
Thus,

Q(kcal/mole) = -43.64 + 4.76 (% Si) + 2.65 (% Cr) + 3.44 (% M o ) .

(2)

Chemical compositions of the various cast materials in low-temperature aging
studies ' yield activation energies between 15 and 24 kcal/mole for cast CF-8
or CF-3 stainless steels and between 18 and 25 kcal/mole for cast CF-8M
stainless steels.
Such an approach is a powerful tool for accelerated testing when it can
be clearly established that the same mechanisms are operating over the temperature range involved in the extrapolation. Although the experimental data
include a few tests at reactor operating temperatures, most of the work has
been conducted at higher temperatures (350 to 450°C), and the validity of
extrapolation of these data to lower temperatures needs to be better
established.
The available information is not sufficient to determine the mechanism of
embrittlement or to correlate the microstructure with mechanical properties.
Microstructural studies on several heats of cast-duplex stainless steels that
were aged for times up to 70,000 h at 400, 350, and 300°C revealed the formation of the G-phase (a phase rich in Ni and Si) and two other precipitates
which were not a 1 . •
The G-phase and chromium-rich a 1 phase have been
identified by atom probe field-ion microscopy, in another heat of cast-duplex

stainless steel aged for 7500 h at 4 0 0 ° C . 1 0 ' 1 1 Furthermore, the data on cast
stainless steels aged at temperatures below 450°C yield activation energies
well below the 55 kcal/mole value associated with chromium bulk diffusion, the
process that has most commonly been assumed to be rate controlling in the lowtemperature embrittlement of ferritic steels.
These results indicate differences in the mechanism of embrittlement over
the temperature range of 300 to 450°C or processes other than precipitation of
additional phases in the ferrite matrix contribute to embrittlement of castduplex stainless steels. The time required for embrittlement at reactor
operating temperatures preclude direct, conventional, laboratory testing.
Instead, microstructural studies and mechanical testing of materials from
components that have seen extended field service need to be carried out to
ensure that the mechanisms involved in the higher temperature laboratory
experiments are the same as those occurring in the reactor.
The objectives of this program are to (1) characterize the microstructure
of in-service reactor components and laboratory-aged material, correlate
microstructure with loss of fracture toughness, and identify the mechanism of
embrittlement; (2) determine the validity of laboratory-induced embrittlement
data for predicting the toughness of component materials after long—term aging
at reactor operating temperatures; (3) characterize the loss of fracture
toughness in terms of fracture mechanics parameters to provide the data needed
to assess the safety significance of embrittlement; and (4) provide additional
understanding of the effects of key compositional and metallurgical variables
on the kinetics and degree of embrittlement.
The relationship between aging time and temperature for onset of embrittlement. will be determined by microstructural examination and measurements of
hardness, Charpy-impact and tensile strengths, and Jjp fracture toughness.
Estimates of the degree of embrittlement obtained from laboratory-aged
material will be compared with data for material from actual reactor service.
The kinetics and fracture toughness data generated in this program and from
other sources will provide the technical Dasis to define the aging histories,
chemical compositions, and metallurgical structures that lead to significant
embrittlement of cast stainless steels under LWR operating conditions.
2.

Material Characterization

Material was obtained from nineteen experimental heats (static-cast keel
blocks) and six commercial heats (centrifugally cast pipes and static-cast
pump impeller and pump casing ring) of CF-3, - 8 , and -8M grades of cast-duplex
stainless steel. Six of the experimental heats were also procured in the form
of 76-mm-thick slabs. Charpy-impact specimen blanks were obtained from all
uhe experimental and commercial heats of material. Blanks for compacf tension
and tensile specimens were obtained from sections of cast pipes, pump casing
ring, pump impeller, and the cast slabs. The specimen blanks are being aged
at 450, 400, 350, 320, and 290°C for times up co 50,000 h.

Fractured impact test bars from three heats of aged cast stainless steel,
grades CF-8 and -8M, were obtained from the Georg Fischer Co., Switzerland.
The materials were used to study the long-term aping behavior of cast
stainless steel.
The specimens from CF-8 material (Heats 280 and 278) were
aged for 3000* 10,000, and 70*000 h at 300, 350, and 400°C, while the
specimens from CF-8M material (Heat 286) were aged for 1000 and 10,000 h at
400°C. A cover plate assembly of cast stainless steel from the recirculation
pump of the KRB reactor was also procured. The reactor was in service for
~12 yr. The plate assembly was decontaminated and samples were obtained from
different sections of the plate for microstructural characterization and
mechanical testing.
The chemical composition, ferrite content, hardness, ferrite morphology,
and grain structure of the various castings have been reported previously. '
The centrifugally cast pipe material contains equiaxed or radially oriented
columnar grains, while the static-cast keel blocks, slabs, and the pump
impeller contain a mixed grain structure. The ferrite contents of the cast
materials range between 3 and 30%. The ferrite morphology for the castings
containing >5% ferrite is either lacy or acicular. A change in the ferrite
content of the duplex material has very little effect on the concentrations of
Ni and Cr in the two phases. For all materials, some differences in the
chemical composition, ferrite content, and hardness are observed for material
from the top or bottom region of the static-cast keel blocks and slabs or the
inner and outer diameter of the centrifugally cast pipes. In general, the
hardness of the cast material increases with an increase in ferrite content.
For the same ferrite content, the hardness of CF-8 and -8M material is
comparable, while the hardness of CF-3 material is lower. An increase in
nitrogen content increases the hardness of all grades of cast stainless
steel. Test matrices for the various mechanical tests and the time and
temperature of aging for the different cast materials have been reported.
3.

Influence of Aging on Charpy-Impact Toughness

Charpy-impact tests were conducted at room temperature on the various
heats of material aged up to 10,000 h at 350, 400, and 450°C. Standard Charpy
V-notch specimens were machined from the aged and unaged materials according
to ASTM specification E-23. A Dynatup Model 8000A drop-weight impact machine
with an instrumented tup and data readout system was used for the tests. The
data indicate that thermal aging of cast stainless steels with >10% ferrite
causes a substantial decrease in impact energy. Materials with >20% ferrite
show a drastic reduction in impact energy after aging for ~300 h at 450°C or
~3000 h at 400°C. In general, the low-carbon CF-3 grades of cast stainless
steels exhibit greater resistance to embrittlement than do the CF-8 and -8M
grades.
Figure i shows the load-time curves for Heat 60 in the unaged condition
and after aging for 300, 3000, and 10,000 h at 400°C. The results show two
important features, namely, thermal aging leads to a reduction in impact
energy and an increase in the strain hardening rate of the material. The
strain hardening rate increases after aging for a relatively short time (i.e.,
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Load-Time Curves for Charpy V-notch Specimens
of Heat 60 Tested at Room Temperature.

~300 h) and does not change significantly with further aging. The maximum
load for a specimen that was aged for 300 h is greater than that for the
unaged material. The higher strain hardening rates for the aged material are
associated with the precipitation reactions in the ferrite matrix. The loadtime curve for a specimen that was aged for 10,000 h exhibits a sudden drop in
load, indicating a brittle fracture mode. Such load-time curves were typical
of all heats containing >20% ferrite.
The Charpy-impact data for some of the heats of cast stainless steel
are presented in Figs. 2-5 and compared with the results from studies by
Georg Fischer Co., Switzerland (GF) and Framatome, France (FRA).
The
chemical composition and the ferrite content of the various materials are
given in Table 1. The different temperatures and times for aging were
normalized in terms of the parameter P, by means of Eqs. (1) and ( 2 ) . The
service time at 320°C is also shown in each figure. The significant results
are as follows.
(a)

The time-temperature correlations given in Eqs. (1) and (2)
are valid for each of the three GF heats of material, i.e.,
the data for aging temperatures of 300, 350, and 400°C can be
represented by a single correlation between impact energy and
parameter P. The impact energy for Heat 286 aged at 400°C for
relatively short times (i.e., P <2.5) is slightly lower than
that for the material aged at 350 or 300°C, Fig. 4a. Table 1
shows that the carbon content in Heat 286 is significantly
higher than in Heats 280 or 278. The results also indicate
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Influence of Thermal Aging on the Room-Temperature Impact
Energy of CF-8 and -3 Cast Stainless Steel, (a) Georg Fischer
(GF) Heat 280 (Ref. 4) and (b) Heats 60 and PI.
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Fig. 3. Influence of Thermal Aging on the Room-Temperature Impact
Energy of CF-8 and -3 Cast Stainless Steel, (a) Georg F5.scher
(GF) Heat 278 (Ref. 4) and (b) Heat 51.
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Influence of Thermal Aging on the Room-Temperature Impact
Energy of CF-8M Cast Stainless Steel, (a) Georg Fischer (GF)
Heat 286 (Ref. 4} and (b) Heat 64.

SERVICE TIME AT 32O°C (YEARS)
I

4

10

i

40

r

30

ANL HEAT 64
8 = 28 %

Q-23.3 kcol/mole
(400,450°C)

2 20

1,0

ASINS
TEMP. PC)
•
O
A
O

450
400
350
300

FRA HEAT
8=14%,Q = 22.7 kcol/mole

1

I

I

I

I

2

3

PARAMETER P

Fig.

5.

Influence of Thermal Aging on the
Normalized Impact Energy at Room
Temperature for CF-8 Cast Stainless
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Table 1. Qiemical Composition and Ferrite Content of Cast Stainless Steel

Heat

Si

Mi

Chemical Composition, wt %
Ni
Cr
Mo
C

N

Ferrite Content, %
Calculated8 *feasuredb

Experimental Heats
60
51
64

1.01
1.06
0 .71

0 .71
0 .66
0 .70

8.07
8.69
9.01

21 .02
20 .36
20 .87

0 .26
0 .28
2 .41

0 .070
0 .023
0 .050

0.050
0.048
0.030

16 .9
17.5
32 .2

21
18
28

18.8

24

27.7

26

38 .6
19 .0
18 .7

40
15
22

Commercial Heat
PI

1.07

0.56

8.10

20.49

0.04

0.032

0.053

Pump Cover Plate from KRB Reactor0
KRB

1.17

0.31

8.03

21.99

0.17

0.062

0.038

Georg Fischer Heats
280
278
286

1.37
1.00
1.33

0. 50
0. 28
0.40

8 .00
8 .27
9 .13

21 .60
20 .20
20 .20

0..25
0,.13
2..44

0 .028
0 .038
0 .072

0.029
0.027
0.063

Framatome Heat e
B
a

0.93

0.83

10.56 20.12

2.52

0.053

0.042

14.0

Calculated from chemical composition with Hull's equivalent factor.
^feasured by ferrite scope (Auto test FE, Probe Type FSP-1).
c
The material was in service for ~12 yr at 284°C. A 75% capacity factor is assumed.
Fractured Charpy-impact bars were obtained from Georg Fischer Co., Switzerland,
for microstructural evaluation. Charpy-impact test data from Ref. 4.
e
Charpy-impact test data from Ref. 7.

that the time for the onset of embrittlement is different for the
different materials, e.g., -2 yr service at 320°C for Heat 278 and
<1 yr service at 320°C for Heats 280 and 286.
(b)

The data for the materials used in the present investigation and for
FRA Heat B do not follow a single curve. The impact energy for the
materials aged at 450 and 400°C decreases much more rapidly than for
the materials aged at 350 or 300°C, i.e., the onset of embrittlement
is sooner for materials aged at 450 and 400°C than for those aged at
lower temperatures. The difference between high- and low-temperature
data is greater for Heats 60, PI, 64, and B containing >0.05 wt % C
relative to Heat 51 with -0.02 wt % C. Results for FRA Heat B
indicate that the impact energies are comparable for material aged at
high or low temperatures for long times, Fig. 5.

(c)

The impact energies of the unaged GF heats are significantly higher
than those for the other heats. This difference may be attributed to
the unique heat treatment of the materials. The GF heats were reheattreated in the laboratory after the commercial heat treatment, while
the other heats were in the commercial heat-treated condition. The
room-temperature impact energies of the imaged GF heats probably
correspond to the upper shelf energy, whereas the values for the other
heats represent the ductile-to-brittle transition.

(d)

After 10,000 h aging at 400°C, the low-carbon Heat 51 shows a
relatively small reduction in impact energy compared to other heats
with higher carbon but a comparable ferrite content. For example, the
impact energy decreases by ~30% for Heat 51 containing 18% ferrite,
whereas Heat 60 with 21% ferrite and GF Heat 278 with 15% ferrite show
a reduction in impact strength of >70%.

The change in impact energy of cast CF-8 stainless steel after reactor
service is shown in Fig. 6. The specimens were obtained from the KRB pump
cover plate which was in service for ~12 yr at a nominal temperature of
284°C. The actual temperature of the test material ranged between 265 and
278°C. The impact energies of the KRB material are slightly higher than those
predicted by the average curve for GF Heat 280 or the Argonne Heat 60.
These results indicate that the activation energies obtained from Eq. (2)
do not accurately represent the embrittlement behavior of cast stainless
steels over the entire temperature range of 300 to 450 c C. The carbon content
in the steel appears to play an important role in the overall process of
embrittlement. The rapid decrease in impact energy during high-temperature
aging, i.e., at 400 and 450°C, is most likely caused by the precipitation of
carbides in the ferrite matrix or at the ferrite/austenite boundary. Such
processes either do not occur or are too slow at lower temperatures, and the
embrittlement of the steel is primarily caused by the formation of other
phases, such as a' or G phase.
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Figure 7 shows the influence of thermal aging on the impact energy and
microhardness of the ferrite phase for Heat 51 (grade CF-3) and Heat 60 (grade
CF-8)• The results indicate that the impact energy decreases and the microhardness of the ferrite phase increases with aging time. For a given aging
condition, the microhardness of the ferrite is comparable for Heats 51 and
60. However, the reduction in impact energy is significantly higher for
Heat 60 than for Heat 51. Microstructural characteristics of Heats 51 and 60,
discussed in the next section, suggest that the difference in impact strength
arises from the precipitation of carbides at the ferrite/austenite phase
boundaries in Heat 60.
4.

Microstructural Characterization

Microstructures of the aged and fractured impact test specimens were
characterized by TEM, SEM, optical microscopy, and small-angle neutron
scattering (SANS) techniques. The results of a microstructural examination
of the GF m a t e r i a l s and the K R B pump cover plate h a v e been reported p r e v i 1J)li
ous!
V . lUt*-"*
TVlP microstructural
mi nrnct-irim tMii-ai characteristics
pliarapfpri cfi pewere
T.-ta-rr*
^AT>rolii-nJ
T.T-S #-Vi »-Vie
ously,°'
* The
correlated
with the

fracture behavior of the impact specimens to provide a better understanding Of
the embrittling mechanism(s) of cast-duplex stainless steels.*
The results
showed that three phases were responsible for the embrittlement of the ferrite
phase. Precipitation on the ferrite/austenite phase boundary was also identified and was found to be responsible for the weakening of the phase boundary.
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4.1

Influence of Thermal Aging on the (a) Room-Temperature Impact Energy
and (b) Microhardness of the Ferrite Phase for CF-3 (Heat 51) and
CF-8 (Heat 60) Grades of Cast Stainless Steel.

Embrittlement of the Ferrite Phase

The characteristics of the three precipitates, i.e., G-phase, Type X, and
the chromium-rich a 1 , can be summarized as follows:
G-Phase
Figure 8 shows the characteristic morphology and selected-area diffraction (SAD) patterns of the G-phase observed in the GF material after aging at
400°C for 7.6 yr. The precipitates were also observed in the reactor-aged
pump cover material, which was exposed to the coolant at ~274°C for -12 yr.
Volume fractions of the G-phase in the KRB pump material or in GF Heats 280
and 278, aged at 300°C for -8 yr (Figs. 2 and 3 ) , were not large enough to
produce distinct reflections in the diffraction patterns [similar to those of

0.5 fun

(C)
F i g . 8.

Dark-Field Morphology (A) and Characteristic SAD
Patterns (B and C) of the N i - and Si-rich G-Phase
Observed in CF-8 Cast-Duplex Stainless Steel after
Aging at 400°C for 7.6 y r .

Figs. 8(B) and ( C ) ] . Although 400°C aging produced precipitates of the
G-phase in the ferrite grains as well as on the grain boundaries [Fig. 8 ( A ) ] ,
no grain boundary precipitation was observed after aging a': ^ 3 0 0 ° C . During
lower temperature aging, the precipitates were observed primarily in association with dislocations in the ferrite; this observation indicates a
dislocation pinning effect. The nearly spherical precipitate is ~5 nm in
size. The diffraction patterns are similar to those of the ^ g C g phase, but
with a slightly larger lattice parameter. The precipitates also had a cubeon-cube orientation relative to the bcc ferrite matrix, which would be unusual
for the fr^Cg phase. (400) reflections were characteristically weak or absent
in the diffraction patterns [Fig. 8 ( C ) ] . Energy-dispersive x-ray analysis
showed an enrichment of Ni and Si in the precipitates. From these results,
the precipitates were identified as the G-phase (a phase rich in Ni and S i ) ,
which has been observed in an Fe-12Cr-4Ni alloy after aging at 4 5 0 ° C 1 5 and in
commercial EM-12 (9Cr-2Mo), HT-9 (12Cr-lMo), and AISI 416 (13Cr) ferritic
steels after irradiation at temperatures of <425°C.
Type X Precipitates
In both the KRB pump material and GF Heats 280 and 278, aged at 300°C for
8 yr, the unidentified (Type X) precipitate was always observed on dislocations. Figure 9 shows the morphology of the precipitates observed in the KRB
pump material that are interwoven with the dislocations. Apparently, the
precipitates were very effective in pinning dislocation motion in the material
aged for a long time near 300°C. The precipitate reflections in the SAD

Fig. 9.

Dark-Field Image Showing Light Type X Precipitates
Interwoven with Dislocations in the Ferrite Phase
of the Reactor Pump Cover Material.

patterns were weak, diffuse, and streaked, owing to a low volume fraction and
small particle size. In typical SAD patterns containing the Type-X precipitates, only extremely weak precipitate reflections with a d-spacing of
0.218 run were detected. The weak reflection could not be detected on the
microscope screen. No cross-grid patterns could be obtained.
a' Precipitate
Chromium-rich a' precipitates in the ferrite were observed in KRB pumpcover material, Fig. 10(A). The extremely small (1-2 nm) a1 precipitates
could not be resolved by TEM either under a strong bright—field or under a
dark-field imaging condition. The precipitates could be resolved only under a
weak-beam bright-field imaging condition. The mottled morphology characteristic of the a1 was difficult to resolve in the GF material after aging at
300°C for 8 yr. However, optimum weak-beam imaging
at a magnification of
20-40 thousand times revealed <xf precipitates 1-1.5 run in size when the
negatives were developed and examined on a lighted table with a magnifying
glass. Negatives taken under normal bright- or dark-field imaging condition
did not reveal any a1 precipitates in the GF materials. Figure 10(B) shows
the a1 in the ferrite of Heat 60 after aging at 400°C for 1.2 yr. The a' size
and morphology are similar to those of the KRB reactor-aged material.
4.2

Precipitate Characterization by Small-Angle Neutron Scattering

Although the very fine a 1 in the GF materials, aged either at 300°C for
8 yr or at 400°C for 7.6 yr, could be resolved by the weak-beam TEM technique,
the results from the small-angle neutron scattering experiments showed no
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Fig. 10. Morphologies of a 1 Observed in the Ferrite Phase of the Reactor Pump
Cover (A) and Heat 60 Cast-Duplex Stainless Steel after Aging at
400°C for 10,000 h (B). M 2 oC 6 precipitates on the phase boundary
are denoted by arrows in (B

r.

distinct intensity peak at ~l-nm diameter, which corresponds to the size of a 1
in the materials. However, an intensity peak corresponding to the G-phase,
which exhibits a distinct phase boundary (relative to the ferrite matrix) and
a 3ize an order of magnitude larger than the a•, was observed as shown in
Fig, 11.
The diameters of the most populous scattering centers shown in
Figs. 11(A) and (B), i.e., "1.6 and ~5.5 nm, are in good agreement with the
sizes ofthe G-phase observed by TEM for the two aging conditions, i.e., GF
Heat 278 aged at 400°C for 1.2 and 7.8 yrs respectively. A comparison of
Figs. 11(A) and (B) shows an Ostwald ripening of the G-phase after aging at
400pC for 7.6 yr. The absence of an intensity peak corresponding to the a1
size (1-2 nm) in Fig. 11 is not surprising since a distinct phase boundary is
not expected between the chromium-rich a' and chromium-depleted ferrite phase
in the materials.
4 3

Grain Boundary Precipitate

A distinct difference between the microstructures of the laboratory-aged
GF materials and the reactor pump-cover material involves precipitation of a
grain boundary phase in the latter. Bright- and dark-field morphologies and
an SAD pattern of the grain boundary phase are shown in Fig. 12. The phase
was observed on the boundary between the austenite and ferrite grains,
examples of which appear as the dark and light areas, respectively, in
Fig. 12(A). Several different zone axes similar to that of the SAD pattern in
Fig. 12(C) were obtained. Indexing of the diffraction patterns showed that
the grain boundary precipitates were Mo3^6 carbides, which were of cube-oncube orientation relative to austenite. The overall distribution of the grain
boundary phase could be more clearly observed in low-magnification optical
micrographs. For example, in Fig. 12(D), ~60- if the austenite—ferrite grain
boundaries are decorated by the phase; this observation indicates a possible
weakening of the grain boundaries. The lacy morphology of the ferrite is
evident from Fig. 12(D). Aging of Heat 60 also yielded grain boundary
precipitation of the M^oC/- carbide, Fig. 10(B). The chemical composition of
Heat 60 is very similar to that of the reactor pump material. However, the
grain boundary ^23^6 c a r D * d e w a s n o t observed in the low-carbon Heat 51 after
aging at 400°C for ~1.2 yr. The absance of grain-boundary carbide precipitates in Heat 51 and the GF materials, i.e., Heats 280 and 278, is most likely
related to the low-carbon contents (Table 1) compared to the higher carbon
contents of the reactor pump and Heat 60 materials.
The precipitation of grain boundary carbides appears to be responsible
for the rapid reduction in the impact energy for the high-carbon Heat 60
compared to that for Heat 51 [Fig. 7(a)]. However, the microstructural
characteristics of the ferrite matrix are similar for the two heats and, as
expected, the hardnesses of the ferrite phase are comparable [Fig. 7(b)]. The
grain-boundary M 2 3 C 6 precipitation in Heat 60 was significantly smaller after
aging at 350°C for 10,000 h than after aging at 400°C for similar times. This
is believed to be one of the factors which contribute to the higher impact
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Fig. 11. Relative Population of Precipitates vs Guir.ier Diameter
Obtained by Small-angle Neutron Scattering Technique for
the G. Fischer Cast-Duplex Stainless Steel Heat 278 after
Aging at 400°C for 1.2 yr (A) and 7.6 yr (B).
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Fig. 12.

Bright-Field (A) and Dark-Field (B) Images, SAD Pattern (C), and
an Optical Micrograph (D) of t ^ C ^ Grain Boundary Precipitates
Observed in the Reactor Pump Cover Material.

energies for Heat 60 aged at 350°C relative to those aged at higher temperatures. However, the lower hardness of the ferrite phase for the material aged
at 350°C indicates that other factors, viz., microstructural characteristics
of the ferrite matrix, also contribute to the overall embrittlement behavior.
4.4

SEM Fractography

Fracture surface morphologies of the laboratory-aged GF materials and the
reactor pump-cover material were evaluated by SEM after room-temperature
impact tests. The fracture surface morphology of the ferrite phase of the
reactor pump cover and the GF material aged at 300°C for 8 yr or at 400°C for
1.2 yr was invariably cleavage-type (Fig. 1 3 ) , which means negligible
ductility of the phase. Undoubtedly, the ferrite was generally embrittled by
one or combinations of the above-mentioned precipitates, i.e., G-phase,
Type X, and a 1 . It was, in fact, possible to map the cleavage-ferrite and
ductile-austenite portions of a given fracture surface. The cleavage map of
the reactor pump cover indicated that ~50-60% of the overall fracture surface
was ferrite- although the ferrite volume fraction was only - 3 0 % . Although not
conclusive, this finding indicates preferential crack propagation along the
ferrite phase under the impact condition. There was also some indication of
decohesion along the grain boundary of the reactor pump-cover • laterial, as
shown in Fig. 13(B). The relatively smooth morphology shown in Fig. 13(B)
appears to correspond to grain boundaries that are partly covered by ductile

Fig. 13.

Fracture Surface Morphologies of the Room-Temperature Impact-tested
Specimens of the G. Fischer Material Aged at 300°C for 8 yr (A) and
the Reactor Pump Cover Material after 12 yr of Service in a
Boiling-Water Reactor (B).

tears. This observation is consistent with the microstructures of Fig. 12, in
which a significant fraction of the grain boundaries was covered by the
carbide precipitates. However, for the laboratory-aged GF materials, the
austenite fracture surface morphology invariably showed transgranular ductile
failures, as in Fig. 13(A).
5.

Conclusions

Data from room-temperature impact tests and microstructural characterization indicate that the existing correlations do not accurately represent the
embrittlement behavior of cast-duplex stainless steels over the temperature
range of 300-450°C. The carbon content in the steel may be an important
factor in controlling the overall process of embrittlement, particularly at
temperatures 2_4OO°C. Preliminary results suggest that at least two processes
contribute to the embrittlement of duplex stainless steels, viz., weakening of
the ferrite/austenite phase boundary by carbide precipitation, and embrittlement of ferrite matrix by the formation of additional phases such as G—phase,
Type X, or the a 1 phase. The latter occurs in all heats of cast stainless
steels and is primarily responsible for embrittlement of low-carbon materials
(i.e., CF-3 grade) at temperatures below 350°C. However, the relative importance of the three precipitates under different compositional and aging
conditions cannot be quantitatively established at this time. The precipitation of M23 C 6 c a r b i d e s at the ferrite/austenite phase boundary has a significant effect on embrittlement of high-carbon materials, i.e., grade CF-8.

Carbide precipitation dominates the onset of embrlttlement of cast CF-8 or -8M
stainless steels aged at 400 or 450°C. Charpy-impact and microstructural data
will be obtained on materials aged at temperatures between 290 and 350°C for
long times to evaluate the relative contribution of the different precipitation processes on embrittlement of cast-duplex stainless steels.
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