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IN LWR SYSTEMS:

ANNUAL REPORT
October 1984--September 1985;

ABSTRACT

This progress report summarizes work performed by Argonne National
Laboratory on long-term embrittlement of cast duplex stainless steels in LWR
systems during the 12 months f rom October 1984 to September 1985.
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LONG-TERM EMBRITTLEMENT OF CAST-DUPLEX STAINLESS STEELS
IN LWR SYSTEMS:

ANNUAL REPORTa
October 1984--September 1985

EXECUTIVE SUMMARY

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 f rom room-temperature Charpy-impact tests
for several heats of cast stainless steel aged up to 10,000 h at 290, 320,

350, 400, and 450*C are presented and compared with results from other
studies. Microstructures of cast-duplex stainless steels subjected to long-

term aging up to eight years either in the laboratory or in reactor service

have been characterized. The results indicate that at least two processes

contribute to the low-temperature embrittlement of duplex stainless steels,

viz., weakening of the ferrite /austenite phase boundary by carbide precipita-

tion 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 embrittlement behavior over the temperature range 300

to 450*C.

1
1
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LONG-TERM EMBRITTLEHENT OF CAST DUPLEX STAINLESS STEELS
IN LWR SYSTEMS:

ANNUAL REPORT
October 1984-September 1985

Principal Investigators:
0. K. Chopra and H. M. Chung

1. INTRODUCTION

The primary objectives of this program are: (1) to investigate the

significance of in-service embrittlemeut of cast-duplex stainless steels under

light-water reactor (LWR) operating conditions, and (2) to evaluate possible
remedies to the embrittlement problem for existing and future plants.

The scope includes the following: (1) characterize and correlate the
microstructure of in-service reactor components and laboratory-aged material

with loss of fracture toughness and identify the mechanism of embrittlement,

(2) determine the validity of laboratory-induced embrittlement data for pre-

dicting the toughness of component materials after long-term aging at reactor

operating temperatures, (3) characterize the loss of f racture 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. The relationship between aging

time and temperature for onset of embrittlement will be determined by micro-

structural examination and measurements of hardness, Charpy-impact strength,

tensile strength, and J fracture toughness. The kinetics and fract'areIC
toughness data geherated in this program and from other sources will provide

the technical basis for assessing the in-service embrittlement of cast

stainless steels under LWR operating conditions. 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 in

evaluation of the possible remedies for in-service embrittlement of components

in existing and future plants.

_ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - __-_

2

II. SUMMARY OF RESEARCH PROGRESS

The main areas of effort during the past year have been (a) material

characterization, (b) mechanical properties of short- and medium-term aged
material, and (c) characterization of the microstructure and fracture

morphology of reactor aged and long-term laboratory aged material.

A. 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
heats of material. Blanks for compact 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 to 50,000 h. Materials from the reactor components and

small experimental heats have completed -11,000 h of aging and cast materials

f rom the large experimental heats (76-mm-thick slabs) have completed -4000 h
of aging. The mechanical test specimens are machined after the thermal aging

treatment.

Fractured impact test bars from three heats of ageo cast stainless steel,

grades CF-8 and CF-8M, were obtained from Georg Fischer Co., Switzerland, for

microstructural characterization. The materials are from a previous study of

the long-term aging behavior of cast stainless steel.I 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, whereas the specimens from CF-8M material (Heat 286) were
aged for 1000 and 10,000 h at 400*C. A cover plate assembly from the recir-

culation 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 for microstructural characLerization and mechanical testing. The

test matrices for the various mechanical tests and microstructura) examination
have been presented.2,3
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Data on the chemical composition, ferrite content, hardness, ferrite
morphology, and grain structure of the small experimental and commercial heats
have been reported.4-6 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 ef fect
on the concentrations of Ni and Cr in the two phases. For all materials, some
differences in the chemical composition, ferrite content, and hardoess 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.

Characterization of the six large experiments. heats has also been
completed. The heats were static cast in the form of square slabs (0.61 x
0.61 m) 76-mm thick. All materials were examined in the three orientations as
well as in different locations, namely, material from the top, middle, and
bottom section of the slabs. Orientation of the material had little or no
effect on either hardness or ferrite content and morphology. The chemical
composition, hardness, and ferrite content of the different heats are given in
Table 1. Small experimental heats (i.e., keel blocks) with chemical composi-
tion and ferrite contents equivalent to the large experimental heats are also
listed in Table 1. The hardness and ferrite content values represent the
average values for the three locations.

The grain structures of the large experimental heats are shown in
Fig. 1. All heats contain a mixed structure of columnar and equiaxed
grains. A change from horizontal to vertical growth of the columnar grains
was observed near the edges of the cast slabs, e.g., Heat 73. The grain size

of Heats 69 (grade CF-3) and 75 (grade CF-8M) is smaller than that for the
other heats.

_
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i Table 1. Chemical Composition and Ferrite Content of Cast Stainlese Steel
*

1 Composition, wt % Hardness Ferrite Content. %
Heat Grade Mn Si Mo Cr Ni N C R Calc.a ge,,,b

B

i

t
! c
i Cast Slabs
i

19.53 8.94 0.05 0.06 78.8 7.4 7.773 CF-8 0.83 1.22 -

68 CF-8 0.67 1.13 - 20.85 8.08 0.06 0.05 84.6 18.8 23.4
74 CF-8 0.77 1.21 - 20.73 8.17 0.11 0.06 85.8 10.5 18.4.

! 69 CF-3 0.69 1.20 - 20.49 8.43 0.03 0.02 83.7 25.7 23.6
| 70 CF-8M 0.70 0.74 2.64 19.37 9.13 0.05 0.07 86.5 15.8 18.9

75 CF-8M 0.59 0.67 2.40 21.07 9.02 0.05 0.06 89.5 27.1 27.8 8'

dKeel Blocks

;

56 CF-8 0.60 1.16 0.30 19.33 8.93 0.03 0.06 82.5 8.1 10.1
60 CF-8 0.71 1.01 0.26 21.02 8.07 0.05 0.07 86.7 16.9 21.1
51 CF-3 0.66 1.06 0.28 20.36 8.69 0.05 0.02 83.8 17.5 18.0.

66 CF-8M 0.71 0.60 2.36 19.41 9.13 0.03 0.06 85.2 17.9 19.9
~~

64 CF-8M 0.70 0.71 2.41 20.87 9.01 0.03 0.05 89.7 32.2 28.4
.

aCalculated from the chemical composition with Hull's equivalent factor.
bMeasured by ferrite scope Auto Test FE, Probe Type FSP-1).
cChemical compositions obtained from the vendor.
d'

Chemical compositions obtained at Argonne National Laboratory.
I

i

i

!
i
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The ferrite morphologies for the large experimental heats are shown in
Figs. 2-4. The CF-8 and -8M grades of cast stainless steels have a lacy

'
morphology, i.e., an interlaced network of ferrite islands. The CF-3 grade of

cast steel has a mixture of lacy and acicular morphology. The acicular

morphology is characterized by fine needle-like ferrite distributed in the
austenite matrix. The ferrite contents and morphologies for the large experi-

mental heats are similar to those observed for the corresponding heats of the

keel blocks.

B. Mechanical Properties of Aged Material

..

Charpy-impact tests are in progress at room temperature on the various
heats of material aged up to 10,000 h at 450, 400, 350, 320, and 290*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 cup and data-readout system was

used for the tests. Charpy-impact energies for materials aged for 3000 h at
450, 400, 350, 320*C, and 290*C are given in Table 2. The results indicate

that thermal aging of cast-duplex stainless steels with >10% ferrite causes a
substantial decrease in impact ener'gy. Materials with >20% ferrite show a
drastic reduction in impact energy af ter aging for -300 h at 450*C or ~3000 h
at 400*C. In general, the low-carbon grades of cast stainless steels exhibit

greater resistance to embrittlement than the CF-8 and -8M grades.

Figure 5 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.,

~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 load-

time curve for a specimen that was aged for 10,000 h exhibits a sudden drop in
load, indicating a brittle fracture moie. Such load-time curves were typical

of all heats containing >20% ferrite.

_ _ _ _
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|} Table 2. Charpy-Impact Data Obtained at Room Temperature i

for Thermally Aged Cast Stainless Steel

J

'

Ferrite Impact Energy,a y
| Content, Aged for 3000 h at
I Heat % Unaged 290*C 320*C 350*C 400*C 450*C
t

I CF-8

f 56 10.1 165 147 151 146 134 105 {
} 59 13.5 183 147 161 135 132 95
2 61 13.1 201 149 155 152 148 100

60 21.1 '158 135 150 149 64 51.

! C1 2.2 47 - - 41 46 48
P1 24.1 178 208 170 158 45 53

CF-3 *

.

| 52 13.5 198 149 175 189 174 146 |

! 47 16.3 184 172 245 179 151 140
l 51 18.0 161 150 143 164 131 125

P3 1.9 241 273 225 292 312-

! P2 15.6 321 362 357 - 212 158
I 17.1 156 152 156 105- -

;

i
! CF-8M
4

! 63 10.4 199 - 137' 166 125 126 ,

I 66 19.9 177 149 204 166 113 84
65 23.4 179 154 147 141 51 51

j 64 28.4 160 - 140 120 40 42 L

P4 10.4 182 175 198 108 74 36
i

" Tests performed on instrumented drop-weight impact machine
with V-notch impact bars (ASTM specification E-23).

'
|

|

1

i
I

!

!

,

l

- .- . - _ _ . - - - - - - _.- - - -- . - -- -..-----



_ _ _ _ - _ _

11

20
AGED AT 400*C

.| b

'h '\
5 s\ \

j 'o1 F (\ \ ("' '
] | ' \ \f3OO h

"

3000 h '/
,(/ '\

,.

'\|
\\ \-

Il IO,000 h/\\
*! \ N

O -

-

i i
-

, , i , i i i i

O I 2 3 4 5

TIME (ms)

Fig. 5. Load-Time Curves for Charpy V-notch Specimens
of Heat 60 Tested at Room Temperature.

The Charpy-impact data for some of the heats of cast stainless steel are

presented in Figs. 6-9 and compared with the results from studies by Georg
Fischer Co., Switzerland (GF)I and Framatome, France (FRA).7 The chemical

composition and the ferrite content of the various materials are given in
Table 3. The different temperatures and times for aging were normalized in
terms of the parameter P, which is determined from

f f 673
Pt= 10 exp

'

i 4.

where Q is the activation energy, R the gas constant, T the absolute tempera-
ture, and P the sging parameter which represents the degree of aging reached
after 10P 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.7 Thus,

Q(kcal/ mole) = -43.64 + 4.76 (% Si) + 2.65 (% Cr) + 3.44 (% Mo). (2)

The service time at 320'C is also shown in each figure. The significant
results are as follows.

_
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Table 3. Chemical Composition and Ferrite Content of Cast Stainless Steel

Chemical Composition, wt % Ferrite Content, %

bHeat Si Mn Ni Cr Mo C N Calculateda Measured

- Experimental Heats

60 1.01 0.71 8.07 21.02 0.26 0.070 0.050 16.9 21
51 1.06 0.66 8.69 20.36 0.28 0.023 0.048 17.5 18
64 0.71 0.70 9.01 20.87 2.41 0.050 0.030 32.2 28

Comm rcial Heat

P1 1.07 0.56 8.10 20.49 0.04 0.032 0.053 18.8 24

Punp Cover Plate f rom KRB Reactore

KRB 1.17 0.31 8.03 21.99 0.17 0.062 0.038 27.7 26

dGeorg Fischer Heats

280 1.37 0.50 8.00 21.60 0.25 0.028 0.029 38.6 40
278 1.00 0.28 8.27 20.20 0.13 0.038 0.027 19.0 15
286 1.33 0.40 9.13 20.20 2.44 0.072 0.063 18.7 22

Framatome Heat"

B 0.93 0.83 10.56 20.12 2.52 0.053 0.042 14.0 -

aCalculated from chemical composition with Hull's equivalent factor.
hasured by ferrite scope (Auto test FE, Probe Type FSP-1).
cThe mate-tal was in service for -12 yr at 284*C. A 75% capacity factor is assumed.d
Fractured Charny-impact bars were obtained from Georg Fischer Co., Switzerland,
for microstructural evaluation. Charpy-impact test data from Ref. 1.

'Charp;~ impact test data from Ref. 7.

.; ,
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(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. 8a. Table 3

shows that the carbon content in Heat 286 is significantly

higher than in Heats 280 or 278. The results also indicate
that the time for the onset of embrittlement is different for
the dif ferent 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. j

The difference between high- and low-temperature data is

greater for Heats 60, P1, 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. 9.

(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 reheat-treated 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 unaged GF heats probably correspond to
the upper shelf energy, whereas the values for the other heats

represent the ductile-to-brittle transition.
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(d) Af ter 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 af ter reactor
service is shown in Fig. 10. The specimens were obtained f rom 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. The carbon content
in the steel appears to play an important role in the overail 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 o' or G phase.

Figure 11 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 micro-

hardness 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.

_

e
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Materials from two centrifugally cast pipes and a static cast pump

impeller, aged up to 10,000 h at 400 and 350*C, were sent to Materials
Engineering Associates (MEA), Washington, for J-R curve determination and
tensile tests. Tensile specimens (with a 5.1-mm diameter and an 18.5-mm gauge
length) and 1-T compact tension specimens were fabricated from the aged mate-
rials. Mechanical tests are in progress at room temperature and at 290*C.

C. 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 materials and the KRB pump cover plate have been reported previ-
ously,2,5,6,8 The microstructural characteristics were correlated with the
f racture behavior of the impact specimens to provide a better understanding of
the embrittling mechanism (s) of cast-duplex stainless steels.8 The results
showed that three phases were responsible for the embrittlement of the ferritey

i

I
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phase. Precipitation on the ferrite /austenite phase boundary was also identi-
fled and was found to ba responsible for the weakening of the phase boundary.

1. Embrittlement of the Ferrite Phase
|
|

The characteristics of the three precipitates, i.e., G phase,
Type X, and the chromium-rich o', can be summarized as follows:

G-Phase. Figure 12 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
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(B)

'@.

Fig. 12. Dark-Field Morphology (A) ar.d Characteristic SAD
Patterns (B and C) of the Ni- and Si-rich G-Phase
Observed in CF-8 Cast-Duplex Stainless Steel after
Aging at 400*C for 7.6 yr.

in the reactor-aged pump cover material, which was exposed to the coolant at

-274 *C f or -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. 6 and 7), were not
large enough to produce distinct reflections in the diffraction patterns

(similar to those of Figs. 12(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, 12(A)], no grain boundary precipitation was observed after
aging at 5300*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-dif f raction patterns are. similar to those

| of the M P ase, but with a slightly larger lattice parameter. ThehC23 6
precipitates also had a cube-cn-cube orientation relative to the bec ferrite

P ase. (400) reflections werematrix, which would be unusual for the M23 6 hC

characteristically weak or absent in the diffraction patterns (Fig. 12(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 Si), which has been observed in an Fe-12Cr-4Ni
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9alloy after aging at 450'C and in commercial EM-12 (9Cr-2Mo), HT-9 (12Cr-
IMo), and AISI 416 (13Cr) ferritic steels after irradiation at temperatures of

<425'C.10 The G phase has also been identified by atom probe field-lon
microscopy in cast duplex stainless steel aged for 7500 h at 400* Coll,12

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 13 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 patterns were weak, dif fuse, 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 nm were detected. The weak reflections
could not be detected on the microscope screen. No cross-grid patterns could
be obtained.

a' Precipitate. :hromium-rich a' precipitates in the ferrite were
observed in KRB pump-cover material, Fig. 14(A). The extremely small (1-2 nm)
a' precipitates could not be resolved by TEM either under a strong bright-
field or dark-field imaging condition. The precipitates could be resolved

i only under a weak-beam imaging condition. The mottled morphology character-
istic of the a' was difficult to resolve in the GF material after aging at
300'C for 8 yr. However, optimum weak-beam imagingI3 at a magnification of |

[ 20-40 thousand times revealed a' precipitates 1-1.5 nm in size when the
I

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 a' precipitates in the GF materials. Figure 14(B) shows
the a' in the ferrite of Heat 60 after aging at 400*C for 1.2 yr. The n' size
and morphology are similar to those of the KRB reactor-aged material.

.
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'

of the Reactor Pump Cover Material.

2. Precipitate Characterization by Small-Angle Neutron Scattering

Although the very fine a' in the GF materials, aged either at 300*C

for 8 yr or at 400*C f or 7.6 yr, could be resolved by the weak-beam TEM
technique, the results from the small-angle neutron scattering experiments

showed no distinct intensity peak at -1-nm diameter, which corresponds to the

size of o' in the unterials. However, an intensity peak corresponding to the

G phase, which exhibits a distinct phase boundary (relative to the ferrite

matrix) and a size an order of magnitude larger than the a', was observed as

shown in Fig. 15.14 The diameters of the most populous scattering centers
shown in Figs. 15(A) and (B), i.e., ~1.6 and ~5.5 nm, are in good agreement

with the sizes of the 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 yr, respectively. A compari-

son of Figs. 15(A) and (B) shows an Ostwald ripening of the G phase after

aging at 400*C for 7.6 yr. The absence of an intensity peak corresponding to

the a' size (1-2 nm) in Fig. 15 is not surprising since a distinct phase

boundary is not expected between the chromium-rich a' and chromium-depleted
ferrite phase in the materials.

. _
,
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3. Grain Boundary Precipitate '

i

A distinct difference between the microstructures of the laboratory-
aged CF materials and the reactor pump-cover material involves precipitation3 ,

tof 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. 16. The
,

phase was observed on the boundary between the austenite and ferrite grains,
j examples of which appear as the dark and light areas, respectively, in j
1

i Fig. 16(A). Several different zone axes similar to that of the SAD pattern in |

f Fig. 16(C) were obtained. Indexing of the diffraction patterns showed that

the grain boundary precipitates were M 23 6 carbides, which were of cube-on- jC

cube orientation relative to austenite. The overall distribution of the grain
j boundary phase could be more clearly observed in low-magnification optical

t
,

! micrographs. For example, in Fig.16(D), 40% of the austenite-ferrite grain t

i !
| boundaries are decorated by the phase; this observation indicates a possible !
i i

'weakening of the grain boundaries. The lacy morphology of the ferrite is
evident from Fig. 16(D). Aging of Heat 60 also yielded grain boundary
precipitation of the M23 6 carbide, Fig. 14(B). The chemical composition ofC

Heat 60 is very similar to that of the reactor pump material. However, the
i

| grain boundary M23 6 carbide was not observed in the low-carbon Heat 51 after iC

aging at 400*C for ~1.2 yr. The absence of grain-boundary carbide precipi- j

tates in Heat 51 and the GF materials, i.e., Heats 280 and 278, is most likely
related to the low-carbon contents (Table 3) compared to the higher carbon
contents of the reactor pump and Heat 60 materials.

The precipitation of grain boundary carbides appears to be respon-
sible for the rapid reduction in the impact energy for the high-carbon Heat 60
compared to that for Heat 51 [ Fig. Il(a)]. However, the microstructural char-
acteristics of the ferrite matrix are similar for the two heats and, as

,

expected, the hardnesses of the ferrite phase are comparable [ Fig. Il(b)].
The grain-boundary M23 6 Precipitation in Heat 60 was significantly smallerC

after aging at 350*C for 10,000 h than after aging at 400*C for similar

f times. This is believed to be one of the factors which contribute to the
j higher impact 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

I
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Fig. 16. Bright-Field (A) and Dark-Field (B) Images, SAD Pattern (C), and
C Grain Boundary Precipitatesan,0ptical Micrograph (D) of M23 6

Observed in the Reactor Pump Cover Material.

| material aged at 350*C indicates that other factors, viz., microstructural
! characteristics of the ferrite matrix, also contribute to the overallI

embrittlement behavior.

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. 17), which means
negligible ductility of the phase. Undoubtedly, the ferrite was generally
erbrittled by one or combinations of the above-mentioned precipitates, i.e.,

G-phase, Type X, and a'. 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

~30%. Although not conclusive, this finding indicates preferential crack
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Fig. 17. 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).

propagation along the ferrite phase under the impact condition. There was
also some indication c' decohesion along the grain boundary of the reactor

pump-cover material, as rhown in Fig. 17(B). The relatively smooth morphology
shown in Fig. 17(B) appears to correspond to grain boundaries that are partly
covered by ductile tears. This observation is consistent with the microstruc-
tures of Fig. 16, in which a significant fraction of the grain boundaries was
covered by the carbide precipitates. However, for the laboratory-aged GF
materials, the austenite f racture surf ace morphology invariably showed trans-
granular ductile failures, as in Fig. 17(A). The intergranular decohesion of
aged cast-duplex stainless steel, associated with the austenite/ ferrite
boundary carbide precipitate, appears to have been observed also elsewhere.15

III. CONCLUSIONS

Data from roon-temperature impact tests and microstructural characteriza-
tion 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
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temperatures >400*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 embrittle-
ment of ferrite matrix by the formation of additional phases such as G phase,
Type X, or the a' 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 impor-

tance of the three precipitates under different compositional and aging
conditions cannot be quantitatively established at this time. The precipita-

23 6 carbides at the ferrite /austenite phase boundary has a signifi-tion of M C

cant effect on embrittlement of high-carbon materials, i.e., grade CF-8.

Carbide precipitation dominates the onset of embrittlement 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 precipita-
tion processes on embrittlement of cast-duplex stainless steels.
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