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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 twelve months from October 1982 to September 1983.
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LONC-TERM EMBRITTLEMENT
OF CAST DUPLEX STAINLESS STEELS

IN LWR SYSTEMS:

ANNUAL REPORT *
October 1982-September 1983

EXECUTIVE SUNIARY

A program has been initiated to investigate the significance of
in-service embrittlement of cast duplex stainless steels under LWR operating
conditions. The existing data were reviewed to determine the critical

parameters that control the aging behavior and to establish test matrices for
microstructural studies and mechanical property measurements. Various
experimental and commercial heats of CF-8, -8M, and -3 cast stainless steel
(ASTM A351 and A451) were procured in different product forms and section
thicknesses. The composition of the experimental heats was varied to provide
different concentrations of nickel, chromium, carbon, and nitrogen in ti.=

material and ferrite contents in the range of 3 to 30 volume percent. Test

specimens are being aged at temperatures of 290, 320, 350, 400, and 450*C and
for times ranging from 300 to 50,000 h. Material will be available for

Charpy impact tests and microstructural studies over the entire range of
compositions. A more restricted set of compositions was selected for
J -curve testing and ductile-to-brittle transition temperature (DBTT)
R

determination. Measurements of impact strength will be used to define the
critical parameters that lead to significant embrittlement of the material
and to better characterize the phenomenon of embrittlement. Measurements of
fracture toughness will be carried out to determine the degree of
embrittlement that can be expected under LWR operating conditions.

The initial effort, already begun, is focused on microstructural

characterization of aged specimens of CF-8 and CF-8M cast stainless steel,
obtained from George Fisher, Ltd. None of the specimens that were aged at
temperatures between 300 and 400*C exhibited the mottled structure of a'
precipitates. Instead, three different types of precipitates were observed
in the specimenst an FCC phase (designated M C -like precipitate for lack23 6

"RSR FIN Budget No. A2243; RSR Contact: J. Muscara,

iv



of positive identification) present both on and away from dislocations in all
long-tera-aged specimens, a fine and uniformly distributed precipitate
observed in CF-8 (heat 280) stainless steel specimens aged for relatively
short times or at low temperature, and a large precipitate observed at the

same sites as the M -like precipitates in CF-8M stainless steel specimens.23 6
The M -like precipitate may be G phase, a phase rich in nickel and23 6
silicon. The microstructural changes in the aged duplex stainless steels

indicate a possible correlation between loss of impact strength and degree of
precipitation in these specimens.

v



_ _ - _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _

1

LONC-TERM EMBRITTLEMENT t

'

~OF' CAST DUPLEX STAINLESS STEELS
IN LWR SYSTEMS:

ANNUAL REPORT

,

October 1982-September 1983
;

Principal Investinstors:

O. K. Clopra and G. Ayrault '

I. INTRODUCTION

[.
!

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

' significance of in-service embrittlement of cast duplex stainless steels,

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

,

plants.
4

The scope includes the followings -(1) characterine and correlate the
microstructure of in-service reactor components and laboratory-aged asterial
with loss of fracture toughness and identify the mechanism of embrittlement,
(2) determine the validity of laboratory-induced embrittlement data for

,

; p'redicting the toughness of component materials after long-term aging at '

' reactor operating temperatures (3) characterise 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. The

{
kinetics and fracture toughness data generated 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 I

the effects of compositional and metallurgical variables on the embrittlement
I phenomenon will help in evaluation of the possible reandies for in-service

-embrittlement of components in existing and future plants.
t

!

.
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II.. TECHNICAL PROGRESS

1

l
The main areas of effort during the past year have been (a) review of -

.

:the existing data to determine the critical parameters that control the aging
behavior of cast duplex. stainless steels and to define the test matrices. (b)

.

procurement of equipment and material, and (c) characterization of the
microstructure of material aged at low temperatures for long times.

A. Data Review-

Cast duplex stainless steels are used extensively in the nuclear
industry. The ferrite phase in the duplex structure of austenitic-ferritic
stainless steel increases the tensile s:rength and improves weldability,

resistance to stress corrosion, and soundness of castings of these steels.

However, various carbides, brittle chromium-rich phases such as sigma and chi

phase, and a chromium-rich BCC phase (a') can precipitate in the ferrite
phase or along ferrite /austenite grain boundaries during aging at elevated

1temperatures. Time-temperature curves for the formation of various phases
and the change in impact strengths of Fe-Cr-Ni alloys during aging, shown in
Fig. 1, indicate that embrittlement can be divided into two temperature
regimes. At temperatures above 550*C, the embrittlement is largely due to
formation of a phase, and below 500*C a' precipitation leads to embrittlement

(referred to as "475'C embrittlement"). Formation of carbides and the X
phase can influence mechanical properties in the 500-650*C temperature range.
At the operating temperatures of LWRs, i.e., 288 to 316'C, embrittlement of

ferritic or duplex stainless steels is usually assumed to be caused primarily
,

by a' precipitation. The influence of carbides /nitrides on the kinetics of
the precipitation process and on the subsequent embrittlement of the material
cannot be established from the existing experimental data.

Thermal aging of cast duplex stainless steels at temperatures between
300 and 450*C affects the mechanical properties in several ways.2-6 7,

general, thermal aging causes an increase in hardness and tensile strength
and a decrease in ductility, Charpy impact s6rength, and J f**"*"#*IC
toughness of the material. However, the low-cycle fatigue properties and
fatigue-crack propagation rates are not modified significantly by aging.4.5
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The changes in the tensile strength and roon-temperature impact energy for
cast CF-8M stainless steel aged for 3000 h at 427'C are shown in Figs. 2 and
3, respectively. The impact strength, in particular, is reduced by 40%.

Substantial reductions in impact strength have also been observed for several
CF-8 and CF-8M cast stainless steels after aging for 10,000 to 70,000 h at

temperatures as low as 300'C.2 The ferrite content of the cast structure has
a pronounced influence on the embrittlement behav.or, viz. , an increase in
ferrite content increases the susceptibility to embrittlement, as shown in

Fig. 4. Also, the addition of molybdenum to the steel, as in grade CF-8M,
increases both the rate and extent of embrittlement. The very limited data

available on J1C. fracture toughness also indicate significant reduction in
fracture toughness due to low-temperature aging, although the results do not
always show good correlation with the treads indicated by the Charpy data.5

.
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.

The kinetics of embrittlement have been evaluated by considering the
aging phenomenon to be a thermally activated process that can be described by
an Arrhenius relation. In the temperature range of 300 to 400*C, the data
obtained by George Fisher, Ltd. of Switzerland for thermal aging of various
cast duplex stainless steels yields an activation energy of 100 kJ/ mole
(24,000 cal / mole) for the onset of embrittlement. Extrapolation of the data

can be used to determine the equivalent aging time at different temperatures.

_ _ . . . _ _ _ _ . . _ _ _ - - _ _ _ _ _
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For example, a service life of 40 yr at 288 or 316*C, respectively, is
equivalent.to 10,000 or 28,000 h of agirg at 400*C. Based on the Swiss data,

the impact energy after the service life at 316*C will be 412 J for cast
materials with %40% ferrite, and 428% J for castings containing %14%

ferrite.

5Recent investigations have described the activation energy for the
process of embrittlement as a function of chemical composition of the cast
material, given by the relationship

Q(kJ/ mole) = -182.6 + 19.9 (% Si) + 11.08 (% Cr) + 14.4 (% Mo).

The chemica? compositions of the various cast materials used by George
Fisher, Ltd. yield activation energies between 65 and 90 kJ/ mole (%15 and 22

kcal/ mole) for CF-8M cast stainless steel.

More extensive information on the effect of chemical composition on

embrittlement of single-phase binary Fe-Cr ferritic alloys is available and
is helpful in gaining insight into the effects of composition on aging and in
identifying possible mechanisms of embrittlement. Unfortunately, the bulk of
this work has been carried out at temperatures of 400*C or above, and caution
must be observed in extrapolating the data to reactor temperatures. Data on
the thermal aging of single-phase ferritic alloys indicate that an increase

i in chromium, molybdenum, or titanium content in the ferrite phase decreases
the time required for embrittlement. The influence of chromium is more!

pronounced than that of molybdenum or titanium. Variations in manganese or
silicon content have no effect on the aging behavior.0 For single-phase

Fe-Cr-Ni alloys, an increase in the nickel content promotes o'
precipitation,8 but the higher-nickel ferritic steels take longer to
embrittle because other deformation modes, such as twinning, are promoted by
additions of nickel.9 Interstitial elements such as carbon and nitrogen also
accelerate embrittlement of single-phase ferritic steels. Nitrogen in the
ferrite phase influences the aging behavior by enhancing the precipitation of

tjea'phaseandbytheformationofnitridesorcarbonitrides.7.10-12

|
|
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To demonstrate the validity of an Arrhenius extrapolation to predict the

long-term embrittlement of steels at reactor operating temperatures, a

satisfactory understanding of the aging process and the mechanism of
embrittlement is required to ensure that the activation energy obtained from
the laboratory tests is representative of the actual process. The value of

activation energy determined from the aging data is much lower than that

expected for a mechanism controlled by solute bulk diffusion (i.e.,

activation energy of 54,900 cal / mole). This indicates that o' precipitation
occurs not via nucleation and growth but by another mechanism, e.g., spinodal

decomposition, or that processes other than m' precipitation contribute to
embrittlement. The available information on the microstructure of aged cast

duplex stainless steels is not sufficient for correlating the microstructure

with the mechanical properties or for determining the mechanism of
low-temperature embrittlement.

B. Materials Procurement
,

Material was obtained from various experimental and commercial heats of
CF-8, -8M, and -3 (ASTM A351 and A451) cast stainless steel in different

product forms and section thicknesses. Nineteen experimental heats of cast
stainless steel material were obtained in the form of keel blocks. The

composition was varied to provide different concentrations of nickel,
chromium, carbon, and nitrogen in the material and ferrite contents in the

range of 3 to 30%. Sections from five different centrifuga11y cast pipes

(grades CF-8 and CF-8M), a pump impeller, and a 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. Material will be

available for Charpy impact tests and microstructural studies over the entire
range of compositions. However, it is prohibitively expensive to procure and

i age material for J curve testing for all compositions. Therefore, a more
R

restricted set of compositions was selected for these tests. The material
will be obtained from large heats (N2000 lb) in the form of 76-mm-thick

slabs. The test matrix for the microstructural studies and mechanical
property measurements is given in Table 1.

i

r

. . , - . . - -. .. ..
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TABLE 1. Test Matrix for CF-4 and CF-88 Cast Steinless Steel Specimens

Meterial e
~ **** M *** " * #"* "'8 '* Bordeeos DSTT R b

Characterisation Diffraction Impact lepect Curve

Swise impact spectemas x it

In-service composeate a a a x x

large heats * x x s s x x
*

meneter components * a x x .x x x x

Sn11 heete* a a u a

erecterisaties of chemical compeoitica, ferrite conteet, and greia else end structure.

27 compact tension spect- will be seed for the large heats and IT compact tension speciesen will be seed for
reacter canysasets.

* Tests will be performed ef ter thermal estes.

(

-
- . . . . - _ _ . _ _
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Facilities for conducting long-term aging of cast material for Charpy

impact and compact tension specimens have been completed. Preliminary tests
were carried out to determine the temperature gradient in the furnaces and
the accuracy of temperature control. The furnaces were lined with steel
shells to increase the heat capacity and the size of the uniform-temperature
zone. Charpy impact specimen bisnks were prepared from keel blocks of the
experimental heats and material from the various reactor components. Blanks

for 1-T compact tension specimens were obtained from sections of two
centrifuga11y cast pipes, a static-cast pump casing ring, and the pump
impeller. The orientations and locations of the mechanical test specimens

I are sho.. in Fig. 5. The aging conditions for the various specimens are

given in Table 2. The effects of aging time and temperature on the formation
of precipitates and the onset of embrittlement will be determined by
microstructural examination, hardness measurements, and Charpy impact tests.
Measurements of impact strength and DBTT will be used to define the aging

histories, chemical compositions, and metallurgical structuras that lead to

significant embrittlement. Fracture toughness tests will be :arried out to ;

i,

determine the degree of em'erittleant that can be expected as a function of' '

service time and the compositional variables.

IDENTIFICAfl0N

ee (l I
HEAT LOCAftoN ANRow SHOW644
NUMSER Oo 0F THt PtPt

NOTt: 40ENTIFICAfl0N FOR ALL cf SPECIMEN sLA8ms
IS oN THE CIRCUMrtaENil4L PLANE

/ :} CR j

f)ifh> p.,
C.

LocAfl0N YEIR
T=f0P
u-s07 TOM

COMPACT = TENS 80N SPECIMM!g

(a)
Fig. 5. Orientation and 1,ocation of the Mechanical Test Specimens

Taken from (a and b) Pipe Sections and (c) Keel Blocks.

- _ -_ _ ___-___ _ - _ __- .
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TABLE 2. Aging Time and Temperature for Cast Materials '

Used in Charpy Impact and J-Integral Tests .|
^

\
;.

. .. Temperature, 'O
Tine,~.h

450 400 350 320 290

100' a a

300 a a a

1,000 :a a a a
,

3,000 a a a,b a a

10,000 a- a,b a,b,c a,b a i

i

30,000 a a a,b c a,b.c a,b,c

>50,000 a a a ,b . a,b

"Charpy impact test at room temperature on experimental
heats (4 specimens in each condition) and reactor com-.,

ponents;(3 axial and 2 transverse specimens in each
condition).

1.' Instrumented Charpy impact test at room temperature
on experimental heats and reactor components (2 axial
specimens in each condition). 2. J-Integral test at '

room temperature on reactor components (1 transveise
;and 2: axial specimens in each condition).
#1. Charpy impact test at 7 temperatures (DBTT) on

! reactor components (14 axial specimens in each condition).
! 2. J-Integral-test.at 290'C on reactor components (2 axial

specimens in each condition).

L

Characterization'of the various cast materials is in progress'to deter-
|-

.

Lmine the chemical composition, ferrite content, hardness, and grain struc-
ture. The ferrite content and-hardness of the material from cast keel blocks

b -and components are given in Table 3. A ferrite scope (Auto Test FE, Probe

Type FSP-1) was used to measure the ferrite content of the castings. The
!-

_ 1 accuracy.of the instrument was checked with several weld-metal standards

L -(ferrite numbers between 2.4 and 28.1) obtained from the British Welding
~

-Institute. The ferrite numbers measured with the ferrite scope were within

!.

t

>:-
.- , - . - , . . . - . . . _ . . - . , - . - , . , - - - , , , - , . , . , - . - --



12

10.2 of the standard values for ferrite numbers up to 13, and were N10%

higher than the standards for ferrite numbers >l6. For each heat of the cast
material, hardness and ferrite content were measured in three orientations,

i.e., in the axial, circumferential, and radial planes, as well as different

-locations, namely, regions near the outer surface, center, and inner surface

of the pipes, and near the top and bottom of the keel blocks. Average values

of all the measurements (460) are given in Table 3. In general, the ferrite

content was lower and hardness was slightly higher towards the inner surface

of the pipes and the top sections of the cast keel blocks. The hardness of

the cast material increased with an increase in ferrite content. For the

same ferrite content, the Pardnesses of CF-8 and CF-8M material were

comparable, but the hardnessea of both were higher than that of cast CF-3

material. The orientation of the specimen had relatively little effect on

the hardness and ferrite content. Characterization of the grain structure,

chemical composition, and microhardness of the materials is in progress.

C. Microstructural Evaluation

The microstructural studies were focused on cast duplex stainless steel

aged in the laboratory at low temperatures for long times. Twenty fractured

impact bars from three heats of aged cast duplex stainless steel (grades CF-8

and CF-8M) were obtained from George Fisher, Ltd. The material was used

earlier to study the long-term aging behavior of cast stainless steels. The

specimens from CF-8 material (heats 278 and 280) 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.

Two ferritic alloys, 26Cr-lMo and 29Cr-4Mo-2Ni, and a cast duplex stain-
less steel (heat B) were used to develop the technique for preparing TEM

~

samples from the cast materials. The ferritic alloys were supplied by

Allegheny Ludlum Steel Corp., and have been used in a study of the 475'C
embrittlement phenomenon at temperatures between 371 and 593*C. 3 The

chemical compositions of the various steels used for microstructural

examination are given in Table 4. Material from the two ferritic alloys and

cast stainless steel (heat B) was aged for 100 and 1000 h at 400 and 475*C

for TEM inspection.

_
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TABLE 3. Chemical Composition ' Hardness,'and Ferrite Content of the Various Heats
of Cast Stainless Steel-

Composition." wt.% Hardness Ferrite
Heat Grade b

R "" *
B

Mn 'Si Mo ' Cr Ni N C

Cast Keel Riocks

58 CF-8 0.66 1.21- 0.29 19.56 10.37 0.040 -- 0.05 77.1 2 1.9 2.9 2 1.1

57 0.69 1.24 0.28 18.45 8.94 0.041- 0.06 80.1 2 1.0 4.3 2 1.3
' 54 0.58- 1.08 0.31 19.42 8.91 0.073 0.065 83.3 2 1.0 -

53 0.70 1.28 0.35 19.62 8.86 0.045 0.07 83.1 2 0.9 8.6 2 1.1
56 0.60 1.16 0.30 19.33 8.93 0.031 0.06 82.5 2 1.4 10.0 2 2.3

59 0.63 1.14 0.26 20.35 8.95 0.040 0.07 84.1 2 1.7 13.5 2 1.1
61 0.70 1.20 0.27 20.54 8.59 0.060 0.06 85.3 2 1.0 13.1 2 0.8
60 if 0.71 1.01 0.26 21.02 8.07 0.050 0.07' 86.7 2 0.6 21.0 2 1.2
50 CF-3 0.67 1.26 0.28 17.63 8.84 0.064 0.019 80.1 2 1.0- 4.320.9
49 0.66 1.11 0.29 19.32 10.10 0.064 0.022 76.7 2 1.3 7.1 2 1.1
48 0.67 1.21 0.26 19.42 9.90 0.071 0.016 78.1 2 0.8 8.7 2 0.5 >=

W
47 0.65 1.23 0.45 19.67 10.04 0.027 0.018 79.7 2 0.9 16.3 2 0.9
52 0.63 1.04 0.31 19.51 9.07 0.049 0.021 81.6 2 0.8 13.5 2 3.6

51 V 0.66 1.06 0.28- 20.36 8.69 0.048 0.023 83.8 2 0.5 18.0 2 0.9
62 CF-8M 0.84' O.64 2.46 18.38 11.35 0.030 0.07 78.1 2 1.0 4.4 2 2.3

63 0.69 0.75 2.52 19.39 11.22 0.030 0.05 81.6 2 1.0 10.4 2 0.7
66 0.71 0.60 2.36 19.41 9.13 0.030 0.06 85.2 2 1.1 19.8 2 0.7

65 0.66 0.63 2.53 20.95 9.39 0.060 0.06 89.0 2 0.8 23.4 2 2.3
64 1F 0.70 0.71 2.41 20.87 9.01 0.030 0.05 89.7 2 0.6 28.4 2 1.1

-Cast Components

P3 CF-8 1.13 0.91 0.01 19.05' 8.94' O.21 0.033 81.9 2 2.9 2.1 2 0.9
C1 j 1.13 1.08 - 19.30 8.90 - 0.06 79.2 2 1.5 3.5 2 0.5
P1 Y - -- - - - - - 84.8 2 1.1 24.2 2 3.8
P2 CF-3 0.83 1.02 0.11 20.09 9.64 - 0.027 86.9 2 6.2 15.7 2 2.2
P4 CF-8M 1.12 1.00 2.37 20.20 10.22 0.17 0.044 83.1 2 1.0 10.520.8

* Chemical compositions obtained from the vendor.

Ferrite content measured by ferrite scope (Auto Test FE, Probe Type FSP-1).
|
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* TABLE 4. Chealcal Compositions of Steels Used for Microstructural Evaluation

Destanation Composition. vt 1 Ferrite Content. I
Heat Grade Mn $1 Mo Cr Ni P S N C Calc." Meas.

Cast Steinless Steel

a CF-8A 0.89 1.34 0.52 21.13 8.44 0.019 0.014 0.165 0.046 9.2 -

b278 CF-8 0.28 1.00 0.13 20.20 8.27 0.008 0.019 0.027 0.038 19,00 15

280 CF-8 '0.50 1.37 0.25 21.60 8.00 0.015 0.006 0.029 0.028 38.7 38b

b286 CF-8M ,0.40 1.33 2.44 20.20 9.13 0.044 0.015 0.063 0.072 18.8 22

Ferritte Steel

26-1S - - - 0.97 26.0 0.14 - - 0.019 0.030 - -

29-4-2 - -- - 3.90 29.6 2.20 - - 0.011 0.006 - -

aCalculated from composition with hulls equivalent factor.
heats obtained f rom George Fisher, Ltd.

Aging of the CF-8 cast stainless steel (heat B) for 1000 h at 475'c

produced two different types of precipitates in the ferrite grains. A gen-
eral precipitate was distributed uniformly in the ferrite grains; another was
found only on dislocations. Neither of the precipitates was present in the
unaged specimens. The general precipitate had a mottled or " orange peel"
appearance-in bright-field images, shown in Fig. 6a, but produced no detect-

'

able changes in diffraction 1.atterns. Such micrographs are generally
accepted as evidence of the chromittm-rich a' precipitates. The mottled-
contrast images seen in duplex stainless steel and in a Fe-46Cr alloy were
shown (by Mossbauer spectroscopy and precipitate extraction techniques,9
respectively) to be due to the a' precipitate. The precipitates formed on
the dislocations (Fig. 6b) were typically 15- to 40-nm cubes with (100)
matrix planes as faces. These precipitates were not o'-and exhibited a

distinct diffraction pattern consistent with an FCC structure similar-to

M Patterns, but with a slightly large lattice parameter. The precipi-23 6
tates also had a cube-on-cube orientation relative to the BCC ferrite matrix,
which would be unusual for M hP ase. Preliminary energy-dispersive X-ray23 6
analyses indicated an enrichment of nickel and silicon in these precipitates.
These results suggest that the precipitates are probably G phase (a phase
rich in Ni and Si), which has been observed in Fe-12Cr-4Ni alloy after aging

14at 450*C and in commercial EM-12 (9Cr-2Mo), HT-9 (12Cr-lMo), and AISI 416
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(13Cr) ferritic steels after irradiation at temperatures below 425'C.15
Until a more positive identification can be made, these precipitates will be
designated as M -like precipitates.23 6
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Fig. 5. Precipitation in CF-8 (ASTM A351) Cast Stainless Steel Aged for
1000 h at 475'C. (a) Bright-field image under (110) two-beam

. diffraction conditions, and (b) dark-field image from the (333)
I reflection in the FCC precipitate diffraction pattern.

Aging of the two single-phase ferritic alloys, 26Cr-lMo and

29Cr-4Mo-2Ni, for 1000 h at 475'C also produced the mottled bright-field

images associated with the a' precipitates. In addition, platelet precipi-

tates were observed in the 29Cr-4Mo-2Ni alloy. The precipitate micro-

structure of the ferritic alloys is essentially identical to that reported in

an earlier study. The diffraction patterns and the contrast images of the

| platelets suggest that they are not n' or the M -like precipitates. Aging23 6
for 1000 h at 400*C produced no obvious microstructural changes in CF-8 cast
stainless steel and the 26Cr-1Mo ferritic alloy, whereas platelet precipi-

tates were observed in the 29Cr-4Mo-2Ni ferritic alloy.

I
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TEM examination of the aged specimens of cast duplex stainless steel i

obtained from George Fisher, Ltd. did not reveal the mottled images of a'
precipitates. The CF-8 stainless steel, heat 280 (containing 40% ferrite),
aged for 66.650 h at 400*C, underwent profuse precipitation in the ferrite

grains, both at and away from dislocations, as shown in the images in Fig. 7.

These precipitates were similar to the M -like precipitates observed in23 6
heat B, which was aged for 1000 h at 475'C. Precipitates that formed on the

dislocations were about 15 nm in diameter and those away from dislocations

were N5 nm in size. The diffraction pattern, shown in Fig. 8, indicates an |
FCC unit cell with a cube-on-cube orientation with the ferrite matrix. The !

precipitate unit cell is a factor of about 3.95 larger than that of the ,

ferrite matrix. These precipitates were not present after aging for 10,000 h

at 400*C. Another type of precipitate was observed on the dislocations, as 1

shown in Fig. 9. This precipitate, however, could not be identified; the

precipitate re#1ections were too weak, owing to the low volume fraction of
! the precipitate, and were streaked as a result of the small particle size.

This fine-size precipitate was the only precipitate present in the specimens

of heat 280, which were aged for 70,000 h at 300*C.
,
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Fig. 7. Bright- and Dark-Field Images of Precipitates in the Ferrite
Phase of CF-8 Stainless Steel (Heat 280) Aged for 66,650 h
at 400*C.
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Fig. 8. Selected Area Diffraction Pattern at (110) Orientation
in CF-8 Stainless Steel (Heat 280) Aged for 66,650 h'

! at 400*C.
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Examination of heat 278 (containing 15% ferrite) of CF-8 cast stainless

steel, which was aged for N70,000 h at 400*C, also revealed the M -like23 6
precipitates; however, their distribution was somewhat different than that in

heat 280. In heat 278 the precipitates on dislocations tended to be larger

whereas those away from dislocations were smaller. Furthermore, it was clear

from diffraction pattern intensities of the precipitates that heat 278 had a

lower volume fraction of precipitates than heat 280. Heat 278 was found to
I

embrittle more slowly than heat 280 in tests performed by George Fisher, Ltd.2 '

The different distribution of precipitate phases suggests that the greater

ferrite content is not the only reason for rapid embrittlement of heat 280.

The M -like precipitates were also observed in heat 278 after aging for23 6
70,000 h at 300*C, as shown in Fig. 10. This same heat treatment did not

produce M -like precipitates in heat 280. These results indicate that23 6
small changes in alloy chemistry not only affect the ferrite content bat also

influence the precipitation behavior.
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Fig. 10. Bright- and Dark-Field Images of Precipitates in CF-8 ,

lStainless Steel (Heat 278) Aged for 70,000 h at 300*C.
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Microstructural evaluation of aged CF-8M stainless steel also indicates

that the embrittlement behavior is related to precipitate morphology and

' distribution. Data obtained on the long-term aging behavior of cast duplex
stainless steels indicate that the loss of impact strength of CF-8M (heat

286) after aging for 10,000 h at 400*C is equivalent to that for the CF-8

. (heat 280) after aging for 66,650 h at 400'C. TEM examination of CF-8M

stainless steel (heat 286), aged for 10,000 h at 400*C, revealed profuse
intragranular precipitates both at and away from dislocations, as shown in

*

Fig. 11. The degree of precipitation in the CF-8M specimen is comparable to
' that in heat 280 aged for 66,650 h at 400*C and much greater than that in |
heat 278 aged for 66,650 h at 400'C. Diffraction patterns of the specimen

|

indicate 1that the M C -like precipitates are.about 3 nm in diameter, as23 6
shown in Fig. lib. However, intense reflections were also observed near the-

(333} and {115} FCC precipitate reflections, which produced larger (45 nm).

. images at the same sites as the images from the FCC reflections, as shown in

Fig lle. These larger precipitates form a virtual coating on dislocations

and should therefore be effective in dislocation pinning. It is not yet

clea'r whether the larger precipitates simply nucleate at the sites of the
-smaller precipitates or form by transformation of the FCC precipitate phase.
A more detailed inspection of these specimens and the specimens aged at 350*C
is in progress.
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