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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. The existing data are evaluated to determine
the expected embrittlement of cast components during the operating lifetime of
reactors and to define the objectives and scope of the investigation. This
presentation describes the status of the program. Data for the metallurgical
characterization of the various cast stainless steels used in the investiga-
tion are presented. Charpy impact tests on short-term aged material indicate
that CF-3 stainless steels are less susceptible to embrittlement than CF-8 or
CF-8M stainless steels. Microstruetural characterization of cast stainless
steels that were obtained from Georg Fischer Co. and aged for up to 70,000 h
at 300, 350, and 400°C reveals the formation of four different types of
precipitates that are not a1. Embrittlement of the ferrite phase is primarily
due to pinning of the dislocations by two of these precipitates, designated as
Type M and Type X. The ferrite phase is embrittled after ~8 yr at 300°C and
shows cleavage fracture. Examination of the fracture surfaces of the impact-
test specimens indicates that the toughness of the long-term aged material is
determined by the austenite phase.

Introduction

Cast duplex stainless steels are used extensively in the nuclear
industry. The ferritic phase in the duplex structure of austenitic-ferritic
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 BCC phase (a1) can precipitate in the ferrite
phase during service at elevated temperatures and lead to substantial varia-
tions in mechanical properties. It is well known that formation of Sigma
phase greatly reduces the toughness of cast duplex stainless steels. Long-
term aging at relatively low temperatures, i.e., 300 to 500°C, causes drastic
reductions in the impact strength of these steels. Data on the aging
behavior of ferritic or austenitic-ferritic steels show no evidence of sigma-
phase formation at temperatures below 550°C. The mottled appearance charac-
teristic of a' precipitates has been observed in material aged at temperatures
between 450 and 500°C. Microstruetural studies on cast duplex stainless
steel that were aged for up to 70,000 h at 400, 350, and 300°C revealed the
formation of three different types of precipitates which are not a'.8 At the

*Work supported by the Office of Nuclear Regulatory Research, U. S. Nuclear
Regulatory Commission.



operating temperatures of light-water reactors (LWRs), i.e., 280 to 320°C,
embrittletnent of cast stainless steels is probably caused by the formation of
these as yet unidentified precipitates in the ferrite phase.

In general, thermal aging of cast duplex stainless steels at temperatures
between 300 and 450°C causes an increase in hardness and tensile strength and
a decrease in ductility, Charpy impact strength, and J ™ fracture toughness of
the material. The low-cycle fatigue properties and fatigue crack propagation
are not significantly modified by aging. »̂  The room-temperature impact
strength can be reduced by ~80% after aging for ~70,0r>0 h 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
content increases the susceptibility to embrittlement.

Extensive data on embrittlement of single-phase binary Fe-Cr ferritic
alloys indicate significant affects of chemical composition on the aging
behavior. An increase in chromium, molybdenum, or titanium content in the
ferrite phase enhances the rate as well as the extent of embrittlement.
Interstitial elements, such as carbon and nitrogen, also accelerate embrittle-
ment of single-phase ferritic steels.9*10 Unfortunately, the bulk of this
work has been carried out at temperatures >400°C, and extrapolation of the
results to reactor temperatures may not be valid. Furthermore, the influence
of metallurgical variables such as grain structure and ferrite morphology has
not been established.

The kinetics of embrittlement are evaluated by considering the aging
phenomenon to be a thermally activated process described by an Arrhenius
relation. The activation energy is determined by examining the degree of
embrittlement produced by different time-temperature histories. Arrhenius
extrapolations can be used to determine the equivalent aging time at different
temperatures:

t- 10peKP|^l^-^J|, (O

where Q is the activation energy, R the gas constant, T the absolute tempera-
ture, and P an 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 (kJ/mole) = -182.6 + 19.9 (% Si) + 11.08 {% Cr) + 14.4 (% Mo). (2)

Chemical compositions of the various cast materials included in low-
temperature aging studies yield activation energies between 65 and 100 kJ/mole
(~15 and 24 kcal/mole) for cast CF-8 or CF-3 stainless steels and between 75
and 105 kJ/mole (~18 and 25 kcal/mole) for cast CF-8M stainless steel. The
room-temperature Impact energies of cast stainless steels that were aged for
up to 70,000 h at 300, 350, and 400°C (Ref. 2) are plotted as a function of
the parameter P in Figs. 1 and 2. The activation energies for the different
materials were calculated from Eq. (2).
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Fig. 2. Effect of Thermal Aging on the Impact
Energy of Cast CF-8M Stainless Steel
Containing 22% Ferrite.

For each material, the results for an aging temperature of 300°C follow
the data for higher aging temperatures. However, the time and temperature for
the onset of embrittlement is different for different materials. Cast
stainless steels containing >20% ferrite [Figs. 1(A) and 2] show drastic
reduction in impact strength for P values >2. Cast CF-8 material containing
~15% ferrite [Fig. 1(B)] shows a reduction in impact strength only above a
P value of 3 and the degree of embrittlement is significantly less than for
the material containing 40* ferrite. Experimental data obtained on CF-8 steel
from the pump cover of the KRB reactor** are also plotted in Fig. 1(A). The
material was in service for ~8 yr at 280°C. The results show good agreement
with data obtained on laboratory-aged material. Figures 1 and 2 may be used
to predict the impact energy of cast stainless steels after long-term service
at reactor operating temperatures. For example, the impact energy of cast
CF-8 steel (containing 30-40% ferrite) or CF-8M steel (containing 20-25*
ferrite) will decrease below 70 J (50 fflb) after ~2 yr service at 320°C or
~7 yr service at 280°C.



Figure 3 shows the predicted impact strength for various service condi-
tions of CF-8 material (containing 30-40% ferrite), aged at 280 and 320°C
during long-term service. The ductile-brittle transition temperature (DBTT)
curve was calculated from a tanh function given by

o [IL + B I 1 + tanh
(T - T )m + B - B

(3)

where K is the lower shelf value of the transition curve and BQ is half the
difference between the upper and lower shelf. The coefficients TQ, B, and m
depend on aging. Initial values of the constants were determined from DBTT
data for the unaged material from the KRB pump cover. The change in coeffi-
cients To, B, and m with thermal aging is assumed to be the same as that for
Heat 280N investigated hy Georg Fischer Co. (Ref. 2). The predicted curve
for 70,000 h of service at 280°C shows fair agreement with the experimental
results, as shown in Fig. 3 (upper panel). The DBTT curve for service at
320°C indicates large reductions in upper shelf values after 70,000 h (~8 yr)
of service, and impact energies below 70 J at temperatures up to 120°C.
However, the room-temperature impact energy after 300,000 h of service is
higher than that indicated by Fig. 1(A). For example, Fig. 3 predicts a
room-temperature impact energy of ~40 J after 300,000 h (~34 yr) of service at
320°C, whereas a value of ~20 J is predicted from data shown in Fig. 1(A).
The DBTT curves shown in Fig. 3 are current "best estimates" and are subject
to large uncertainties. DBTT data for low-temperature aged material are
required to accurately establish the change in transition curve due to thermal
aging.

To demonstrate the validity of using such an Arrhenius extrapolation of
high-temperature data to predict the long-term embrittlement of cast stainless
steels at reactor operating temperatures requires a satisfactory understanding
of the aging process. The mechanism of embrittlement needs to be established
to ensure that the activation energy obtained from the laboratory tests is
representative of the actual process. The activation energies determined from
the aging data are much lower than that expected for a mechanism controlled
by solute bulk diffusion (i.e., activation energy of 230 kJ/mole). This
indicates that processes other than precipitation of additional phases in the
ferrite matrix contribute to embrittlement of cast duplex stainless steels.
For example, microstructural modifications of the austenite phase or changes
in the fracture behavior of duplex material may influence the notch toughness
of cast stainless steels. The available information is not sufficient to
correlate the microstructure with the mechanical properties or to determine
the mechanism of low-temperature embrittlement.

The objectives of this program are to (1) characterize the microstructure
of in-service reactor components and laboratory-aged material, correlate it
with loss of fracture toughness, and identify the mechanism of embrittlement;
(2) determine the validity of laboratory-induced embrittlement data for pre-
dicting tha 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 in order 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.
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Fig. 3. Effect of Thermal Aging at 280 and 320°C
on the Transition Curves for Impact Energy
of Cast CF-8 Stainless Sieel.

The relationship between aging time and temperature for onset of embrit-
tlement will be determined by microstructural examination and measurements
of hardness, Charpy impact strength, tensile strength, and J ™ fracture
toughness. The kinetics and fracture toughness data generated in this program
and from other sources will provide the technical basis to define the aging
histories, chemical compositions, and metallurgical structures that lead to
significant embrlttlement of cast stainless steels under LWR operating condi-
tions. Estimates of the degree of embrittlement will be compared with data
obtained from examination of material from actual reactor service. Data
pertaining to the effects of compositional and metallurgical variables on the
embrittlement phenomenon will help to evaluate the possible remedies for
existing and future plants.

Material Procurement and Characterization

Material was obtained from various experimental and commercial heats of
CF-8, -8M, and -3 grades of cast stainless steel. Nineteen experimental heats



were obtained in the form of keel blocks approximately 180 mm long and 120 mm
high, with a thickness that tapered from 30 to 90 mm. The compositions of the
heats were varied to provide different concentrations of nickel, chromium,
carbon, and nitrogen in the material and ferrite contents in the range of 3 to
30%. Six large experimental heats, in the form of 76-mm-thick slabs, were
obtained for J^-curve testing. Sections from four centrifugally cast pipes
(grades CF-3, -8, and -8M), a static-cast pump impeller (grade CF-3), and a
static-cast pump casing ring (grade CF-8) were also procured. The outer
diameter and wall thickness of the cast pipes range from 0.6 to 0.9 m and 38.1
to 76.2 mm, respectively.

A cover plate assembly of cast stainless steel from the recirculating
pump of the KRB reactor (the same one shown in Fig. 1) was also procured.
The material was in service for ~12 yr at 280°C. The cover plate is 0.89 m in
diameter and 0.32 m deep. The thicknesses of the various sections range from
60 to 120 mm. The ferrite content of the cast material is ~34%. The cover
plate assembly was decontaminated and samples are being obtained from
different sections of the plate for mechanical testing and microstructural
characterization.

Charpy impact specimen blanks were prepared from keel blocks of the
experimental heats and material from the various reactor components. Blanks
for compact tension specimens were obtained from sections of two centrifugally
cast pipes, the static-cast pump casing ring, the static-cast pump impeller,
and the cast slabs. The specimen blanks are being aged at 450, 400, 350, 320,
and 290°C for times ap to 50,000 h. The test matrices for the various mechan-
ical tests and microstructural examination have been presented earlier. The
mechanical test specimens were machined after the thermal aging treatment.
The orientations of the notches for the Charpy impact and compact tension
specimens were both L-C and C-L.*

The various cast materials were examined to characterize the chemical
composition, hardness, ferrite content, ferrite morphology, and grain
structure. Energy dispersive x-ray analyses (EDAX) were performed to
determine the composition of the a and y phases (i.e., ferrite and austenite
phases) of the duplex structure. All castings were examined in the three
orientations, i.e., longitudinal, circumferential, and radial planes, as well
as different locations, namely, material near the center and the inner and
outer surfaces of the pipes, and top (Row 6) and bottom (Row 3) regions of the
keel blocks. Orientation of the material had little or no effect on either
hardness or ferrite content and morphology. The ferrite morphology in the
various cast materials was globular for ferrite contents of <5%, lacy for
ferrite contents between 5 and 202, and acicular for material with larger
amounts of ferrite. The ferrite morphology in the keel blocks was different
from that in the centrifugally cast pipes. For the same ferrite content, the
islands of ferrite in the keel blocks were smaller and had a finer dispersion
than in the pipe material.

The chemical composition, hardness, and ferrite content of the various
heats of cast stainless steel are given in Table 1. The results show some

*L = longitudinal or axial and C = circumferential or transverse. The first
letter designates the direction normal to the crack plane and the second
letter the expected direction of crack propagation.



TABLE 1. Chemical Composition, Hardness, and Ferritic Content
of the Various Heats of Cast Stainless Steel

Composition,' wt Z
Heat Grade Mn SI Mo Cr Nl Location

Hardness,
RB

Ferrlte
Content,°

Z

Cast Keel Blocks

58 CF-8 0.66 1.21 0.29 19.56 10.37 0.040 0.050

57

54

53

56C

59

61

60c

47

52

51C

0.69 1.24 0.28 18.45 8.94 0.041 0.060

0.58 1.08 0.31 19.42 8.91 0.073 0.065

0.70 1.28 0.35 19.62 8.86 0.045 0.070

0.60 1.16 0.30 19.33 8.93 0.031 0.060

0.63 1.14 0.26 20.35 8.95 0.040 0.070

0.70 1.20 0.27 20.54 8.59 0.060 0.060

0.71 1.01 0.26 21.02 8.07 0.050 0.070

50 CF-3 0.67 1.26 0.28 17.63 8.84 0.064 0.019

0.66 1.11 0.29 19.32 10.10 0.064 0.022

0.67 1.21 0.26 19.42 9.90 0.071 0.016

0.65 1.23 0.45 19.67 10.04 0.027 0.018

0.63 1.04 0.31 19.51 9.07 0.049 0.021

0.66 1.06 0.28 20.36 8.69 0.048 0.023

62 CF-8H 0.84 0.64 2.46 18.38 11.35 0.030 0.070

63 0.69 0.7S 2.52 19.39 11.22 0.030 0.050

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

76.0
78.2

80.1
80.3

82.6
83.9

82.6
83.6

81.9
83.1

83.5
82.8

85.1
85.5

86.2
87.2

79.6
80.6

76.1
77.2

77.6
78.6

79.0
80.3

81.4
81.8

83.7
83.9

78.2
78.0

81.0
82.1

3.6
2.1

5.1
2.8

1.2
2.3

9.5
7.8

11.9
8.2

14.2
12.7

13.0
13.1

20.4
21.7

S.O
3.7

8.0
6.3

8.9
8.5

16.5
16.2

10.3
16.7

18.0
18.0

6.3
2.6

10.9
10.0



TABLE 1. (Contd.)

Heat Grade Mn
Composition,8 wt it

Si Mo Cr Ni Location

Ferrite
Hardness, Content,

R B X

66C CF-8M 0.71 0.60 2.36 19.41 9.13 0.030 0.060

65 0.66 0.63 2.53 20.95 9.39 0.060 0.060

64C 0.70 0.71 2.41 20.87 9.01 0.030 0.050

Cast Components

Cl CF-8 1.22 1.19 0.64 19.10 9.32 0.041 0.036
18.89 9.42

PI 0.56 1.07 0.04 20.38 8.00 0.053 0.032
20.60 8.20

P3 CF-3 1.04 0.86 0.01 18.93 8.33 0.159 0.020
18.85 8.56

P2 0.72 0.92 0.16 20.20 9.24 0.041 0.020
20.20 9.51

0.46 0.80 0.44 20.06 8.50 0.030 0.016
20.20 0.80
20.34 8.64
20.20 8.84

P4 CF-8M 1.07 1.02 2.06 19.63 10.00 0.153 0.039
19.65 9.99

Row 3
Row 6

Row 3
Row 6

Row 3
Row 6

O.D.
I.D.

O.D.
I.D.

O.D.
I.D.

O.D.
I.D.

Vane 3
Vane 1
Shroud
Hub

O.D.
I.D.

84.6
85.8

88.4
89.5

89.7
89.7

78.3
80.6

84.5
85.3

80.6
83.7

82.4
85.1

81.1
82.2
78.1
81.0

83.0
83.2

19.2
20.5

21.'•
25.4

27.5
29.3

2.3
1.7

27.6
13.5

2.5
<V9

15.9
13.2

20.2
14.3
16.9
19.1

11.1
9.8

aChemical composition of the keel blocks supplied by the vendor.
bFerrite content measured by Ferrite Scope, Auto Test FE, Probe Type FSP-1.
cChemical composition of the large experimental heats.

differences in hardness and ferrite content for material from different
locations in the castings. The ferrite content is lower and the hardness is
slightly higher toward the inner surface of the various cast pipes. This
behavior appears to be related to the nickel content in the material, i.e.,
the concentration of nickel is higher near the inner surface. Differences in
hardness and ferrite content are also observed for material from different
locations in the static-cast keel blocks. Hardness is always higher toward
the top of the keel blocks. However, variations in the ferrite content depend
on the Cr /Ni ratio in the material; the ferrite content toward the top of
the casting is lower for material with Cr /Ni <1.13 and higher for material
with Cr /Ni >1.13. 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.

The ferrite content and the different structures present in the four pipe
sections and pump casing ring are listed in Table 2. The grain structures
were examined in the axial, circumferential, and radial planes. Two castings,
PI and P2, contained equiaxed grains across the entire thickness of the pipe.



TABLE 2. Ferrite Content and Grain Structure of
Various Cast Stainless Steel Pipes

OD,
Heat m

Wall,
mm Process Grade

Ferrite
Content,a %
OD ID Grain Structure

Cl 0.60 57.1 Static CF-8

PI 0.89 63.5 Centr. CF-8

P3 0.58 51.6 Centr. CF-3

P2 0.93 73.0 Centr. CF-3

PA 0.58 31.8 Centr. CF-8M

2.3 1.7 Banded, columnar/equiaxed;
radial to axial growth
near ends

27.6 19.5 Equiaxed across thickness

2.5 0.9 Banded, radially oriented
columnar; one equiaxed
band (~4 mm deep) near ID

15.9 13.2 Equiaxed across thickness

11.1 9.8 Radially oriented columnar

aFerrite content measured by Ferrite Scope, Auto Test FE, Probe Type FSP-1.

The grain size and distribution were not significantly different in the three
orientations. The equiaxed grains were probably produced intentionally by a
low pouring temperature or by shear between the liquid and solid. The shear
could cause dendrite arms to break off and disperse in the liquid-solid
region. These castings are expected to exhibit uniform properties in all
directions. The other two centrifugally cast pipes, P3 and P4, showed radially
oriented columnar grains. Pipe section P3 also contained a band of small
equiaxed grains near the inner surface. This band was relatively thin, i.e.,
~4 mm deep, and probably formed accidentally. The columnar grain castings are
expected to have uniform properties in the axial and circumferential direc-
tions. The static-cast pump casing ring, keel blocks, and slab showed a mixed
structure of columnar and equiaxed grains.

EDAX analyses of the various cast materials indicate that the concentra-
tion of Cr, Mo, and Si is higher in the a phase and Ni is higher in the
Y phase. The concentration of Mn, C, and N Is expected to be higher in the
Y phase. The results indicate that an increase in the ferrite content of the
duplex material has little or no effect on the concentration of Ni in the two
phases. For the various cast materials, the average Ni content in the a and
Y phases was 4.8 +_0.4 and 8.7 +_ 0.4 wt %, respectively. The concentration of
Cr in both phases increases slightly with an increase in the ferrite content.
The Cr content in the a phase increases from ~25 wt % for a cast material with
2X ferrite to ~26.1 wt Z for a casting with 302 ferrite. The corresponding
values of the Cr content in the Y phase are ~19.2 and 20.4 wt X, respectively.
These results indicate 'that the precipitation reactions in the a phase should
not be significantly different for cast stainless steels containing different
amounts of ferrite. The strong effect of ferrite content on the impact energy



of cast material is most likely due to the different distribution and morphol-
ogy of the ferrite phase. Precipitate reactions involving the interstitial
elements may also influence the mechanical properties of the aged material.

Mechanical Properties of Aged Material

Charpy-impact tests were conducted at room temperature on material that
was aged for up to 3000 h at 450, 400, and 350°C. As expected, thermal aging
of the cast stainless steels decreased the impact energy. The data indicate
that the reduction in impact strength depends not only on the ferrite content,
but also on the grain structure and grade of the material. Thermal aging of
cast stainless steels with >10% ferrite resulted in substantial reduction in
impact energy, whereas cast materials with <10% ferrite showed little or no
decrease in impact energy. The CF-3 grades of cast materials exhibit greater
resistance to embrittlement relative to the CF-8 and CF-8M grades. For
example, the impact energy for Heats 47 and 52 of CF-3 steels decreased by
~25% after aging for 3000 h at 450°C, while Heats 59 and 61 of CF-8 steels
showed ~50% reduction in impact energy after a similar aging treatment. Data
also indicate superior notch toughness for the centrifugally cast pipe mate-
rial (e.g., Heat P2) relative to the static-cast keel blocks. Charpy-impact
tests are in progress on material that was aged at lower temperatures and
material from the pump cover of the KRB reactor.

Microstructural Characterization of the Aged and Impact-tested Material

Results of microstructural characterization by transmission electron
microscopy (TEM) of several ferritic alloys and cast duplex stainless steels
(aged at 300-475°C) have been reported previously. A total of five different
types of precipitates have been identified in the ferrite phase. These can be
summarized as follows:

(1) a' - chromium-rich phase giving rise to mottled bright-
field images but producing no detectable changes in the
diffraction patterns;

(2) Type P - platelet precipitate producing strong strain-
field contrast in bright-field images and giving rise to
streaking of the ferrite diffraction spots;

(3) Type M - M23C6-llke precipitate rich in Ni and Si and
exhibiting a distinct diffraction pattern that contains
superlattice spots with a lattice constant slightly
larger than tha fr^Cg phase;

(4) Type X - precip .:ates observed on dislocations giving
rise to very weak and streaked reflections as a result of
small volume fraction and very fine size;

(5) Type ML - precipitates observed in association with
Type M, coating the Type M precipitates and dislocations.

The various materials and aging conditions for which the different pre-
cipitates were observed are summarized in Table 3. The a1 phase was observed
in all alloys aged at 475°C, i.e., 26Cr-lMo and 29Cr-4Mo-2Ni ferritic steels



TABLE 3. Summary of Types of Precipitates Observed in Ferritic Alloys and
Cast Duplex Stainless Steel after Long-term Aging at 300-475°C

Alloy

26Cr-lMo ferritic

29Cr-4Mo-2Ni
ferritic

Cast duplex
stainless steel
CF-8, Heat B

Cast duplex
stainless steel
CF-8, Heat 280

Cast duplex
stainless steel
CF-8, Heat 278

Cast duplex
stainless steel
CF-8M, Heat 286

Aging
Temp.
°C

475
400

475
400

475
400

400
400
300

400
350
300

400

Conditions
Time,
h

1,000
1,000

1,000
1,000

1,000
1,000

66,650
10,000
70,000

70,000
70,000
70,000

10,000

a1

Yes
No

Yes
No

Yes
No

No
No
No

No
No
No

No

Type

No

Yes
Yes

No

Precipitate

P Type M

Yes
No

Yes
Yes
Yes

Yes
Yes
Yes

Yes

Phases

Type X

No

Yes
Yes
Yes

Yes
Yes

Type ML

No

Yes

and cast duplex stainless steel CF-8, Heat B. However, two heats of cast
duplex stainless steel that we ? obtained from Georg Fischer Co. and aged
up to 8 yr at 300 to 400°C dii not show the a1 phase. Since long-term
aging at the lower temperatures is more prototypic of reactor operating
conditions, TEM characterization was focused on the materials obtained from
Georg Fischer Co. Characterization by scanning electron microscopy (SEM) was
also conducted on the fracture surfaces of the specimens, which were impact-
tested at room temperature.

1. TEM Characterization of Precipitates in Aged Cast Duplex Stainless Steel

Examination of the cast duplex stainless steel CF-8 material (Heat 280,
ferrite content ~40%), aged at 400°C for 66,650 h, showed another type of
precipitate in addition to those indicated in Table 3; this precipitate was
designated tentatively as Type S. The presence of the Type S phase could
be detected only through a very careful examination of the diffraction
patterns. The Type S reflections were extremely weak, Indicating a small
volume fraction, and could barely be detected on the microscope screen. As
a result, no dark-field images could be obtained. The weak spots could be
detected only from the developed negatives of the SAD pattern. The specks
are very sharp compared to reflections from the matrix or Type M phases,



Fig. 4.

TEM Micrographs of Cast CF-8 Stainless Steel
(Heat 280) after Aging at 300°C for 70,000 h
(8 yr). (A) Bright-field image showing austenite
(left) and ferrite (right) grains; (B) higher
magnifications of the ferrite grain showing Type M
(t^C^-like) precipitates near dislocations;
(C) selected-area diffraction pattern of (B).
No precipitate reflections are visible in (C)
because of the low density.
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(C)

Fig. 5.

TEM Micrographs Similar to Fig. A but after Aging
at 400°C for 66,650 h (7.6 yr). (A) Bright-field
image; (B) dark-field image; (C) selected-area
diffraction pattern. Note the high density of
Type M precipitates and the negligible number of
dislocations.
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Fig. 6.

TEM Micrographs of Cast CF-8 Stainless Steel
(Heat 278) after Aging at 300°C for 70,000 h
(8 yr). (A) Bright-field and <B) dark-field
images showing short dislocations decorated by
Type X precipitatesi (C) selected-area diffraction
pattern showing diffuse weak Type X precipitate
reflections in the circles.



indicating that the reflecting sphere intersects thin, flattened, needle-like
reciprocal lattice rods. The Type S precipitates were also observed for
specimens of cast duplex stainless steel CF-8, Heat 278 (ferrite content 15%)
aged at 300°C for 70,000 h.

TEM examination cf material aged for long times at low temperatures
indicates that Type M and X precipitates, rather than the a' phase, influence
the toughness and fracture behavior of cast duplex stainless steels aged at
temperatures of <400°C. Both Type M and X precipitates are present in the
ferrite phase of the duplex structure. However, the relative densities of the
two types of precipitates are not uniform for the different specimens and
ferrite grains. These precipitates are observed primarily near dislocations,
indicating some degree of immobilization of the dislocations by the precipi-
tates. Figure 4(B) shows an example of bright-field images of dislocations on
th» ferrite phase of Heat 280 aged at 300°C for ~8 yr (parameter P = 3.99).
A relatively small number of Type M precipitates, ~10 mm in size, can be
observed near the dislocations. Because of the low density of the precipi-
tates, no extra reflections are detected in the corresponding selected-area
diffraction (SAD) pattern, Fig. 4(C). In contrast, the same material (i.e.,
Heat 280) aged at 400°C for 7.6 yr (parameter P = 4.83) shows a negligible
number of dislocations [Fig. 5(A)], a large density of Type M precipitates
[Figs. 5(A) and (B)], and distinct precipitate reflections in the SAD pattern
[Fig. 5(C)].

Figure 6 shows an example of dislocations in the ferrite phase,
immobilized by Type X precipitates. The bright- and dark-field images of
Figs. 6(A) and (B), obtained from a thin-foil specimen of Heat 280 aged at
300°C for 8 yr (parameter P = 3.70), show numerous short dislocations decor-
ated by the Type X precipitates. The diffuse weak reflections of the Type X
precipitates are denoted by small circles in the corresponding SAD pattern of
Fig. 6(C).

The results from TEM examination of the microstructures of the cast
duplex stainless steel materials subjected to long-term aging (e.g., at 300°C
for 8 yr) indicate that dislocation glide in the ferrite phase would be
significantly limited because of the preferential precipitation of Type H and
X particles on or around the dislocations. In contrast, the structure of the
austenite phase is characterized by a high density of dislocations and
numerous stacking faults and is relatively free of precipitates, as shown in
Fig. 4(A). This indicates that the overall ductility of the long-term aged
duplex steel will be primarily sustained by the austenite phase. TEM char-
acterization of the material from the pump cover of the KRB reactor is in
progress.

2. SEM Fractographic Characteristics

Fracture characteristics of the impact test specimens of cast duplex
stainless steel obtained from the Georg Fischer Co. were examined by SEM.
Detailed mapping of the fracture surface morphology for Heat 278 aged at
400°C for 10,000 h (parameter P » 4.0) showed that approximately 15-20Z of the
fracture surface was composed of brittle cleavage and the remainder exhibited
a ductile dimple morphology. The cleavage-morphology region revealed river
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patterns characteristic of a brittle fracture. In comparison, the extent of
cleavage in the fracture surface of the specimen aged at 300°C for 10,000 h
(parameter P = 3.14) was minimal.

Similar fracture surface mapping was conducted for specimens of Heats 278
and 280, aged at 300°C for 8 yr (parameter P - 3.99 and 3.70 for Heats 278 and
280, respectively). The fracture surface morphologies of the two specimens
are shown in Figs. 7 and 8, respectively. The overall low-magnification
morphologies [e.g., Fig. 7(A)] of the fracture surfaces did not indicate any
appreciable macroscopic deformation during the room-temperature impact
failure. Mapping of the high-magnification fractographs showed that ~15 and
40% of the fracture surfaces of Heats 278 and 280, respectively, were of a
brittle-cleavage nature [e.g., Figs. 7(C) and 8{C)]. The rest of the fracture
surfaces showed ductile morphologies. The characteristic river patterns could
be observed in the cleavage regions.

The fractions of the fracture surfaces of the impact test specimens
characterized by the cleavage morphology correspond approximately to the
ferrite contents of the material, i.e., ~15 and 40% for Heats 278 and 280,
respectively. These observations indicate that the ferrite phase has been
embrittled by aging for 10,000 h at 400°C or 70,000 h (8 yr) at 300°C.
However, aging for shorter times, a.g., 10,000 h at 300°C, did not embrittle
the ferrite phase. The results of the fractographic characterization of the
ferrite phase are consistent with the TEM observations which indicated that
dislocations in the ferrite phase of the embrittled material were immobilized
by Type M and X precipitates. Since the ferrite phase is already embrittled
after aging at 300°C for ~8 yr, the toughness of the cast stainless steels
after aging for a longer time will be determined by either the austenite phase
or interactions between the austenite and ferrite phases of the duplex
structure.
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