
TEM, APFIM, AND SANS EXAMINATION OF AGED DUPLEX STAINLESS STEEL
COMPONENTS FROM SOME DECOMMISSIONED REACTORS*

H. M. Chung and 0. K. Chopra v

Materials and Components Technology Division
Argonne National Laboratory
Argonne, Illinois 60439

7 1988

CONF-880601—33

DE88 009984

December 1987

Tht tubrmtted manuscript hai been authored
by a contractor of the U. S. Gowmnwnt
undtr contract No. W-3M0f-ENG-3l.
Accordirtfflv, tht U. 5. Government retains a
non*Mclu*ivt, royalty-free license to publish
or reproduce th« published form of tfttf
contribution, or allow others 10 do to, for
U. S. Government purpo«M.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

To be submitted to the American Nuclear Society Annual Meeting, San Diego, CA,

June 12-16, 1988.

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

fllSTWailTION OF T«!S CKiTitfcriT IS UNUMl



TEM, APFIM, AND SANS EXAMINATION OF AGED DUPLEX STAINLESS STEEL
COMPONENTS FROM SOME DECOMMISSIONED REACTORS

H. M. Chung and 0. K. Chopra

Materials and Components Technology Division
Argonne National Laboratory
Argonne, Illinois 60439

SUMMARY

Cast stainless steels, composed of duplex phases of austenite and

ferrite, are used extensively in nuclear reactors because of their superior

strength, weldablity, resistance to stress corrosion cracking, and soundness

of casting. For example, cast stainless steels are used for primary cooling

pipes of PUR, valves, and pump casings of PWR and BWR, the structural integri-

ties of which are vital for safe operation of the reactors. It has long been

known that ferritic stainless steels are susceptible to severe embrittlement

when exposed to temperatures in the range of 400-500*C, owing to the

precipitation of the Cr-rich a1 phase.1"3 The potential for significant

embrittlement of cast stainless steels has been confirmed by recent studies on

cast materials that were aged at temperatures between 300 and 450*C for times

up to 8 yr.*~8

Most investigators characterize the degree of embrittlement in terms of

Charpy-impact energy or JIC fracture toughness. Since it is not practical to

obtain these values for end-of-life conditions of reactor operation (i.e.,

~40-yr aging at 280-320*0, most of the embrittlement tests have been

conducted for accelerated aging conditions (i.e., 1-3 yr at 400-350*C).

Because of this, it is essential not only to obtain accurate values of

activation energy in order to be able to extrapolate the accelerated

embrittlement data to reactor operating conditions, but also to gain proper

understanding of the embrittlement mechanisms for the temperature range of
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extrapolation. It is also important to verify that the embrittling metallur-

gical processes of the reactor-aged field components are indeed identical to

those of the laboratory-aged specimens from which the basis of extrapolation

is established. In the present investigation, microstructural characteristics

of several long-term-aged field components from two decommissioned reactors

have been examined by transmission electron microscopy (TEM), atom-probe field

ion microscopy (APFIM), and small-angle neutron scattering (SANS) techniques

to establish the embrittlenient mechanisms for the reactor aged material. The

results then have been compared to those of the laboratory-aged specimens

obtained for the temperature range between 300 and 450°C. The chemical

compositions and ferrite contents of the reactor components are listed in

Table I. The KRB boiling water reactor (located in Gundremingen,

West Germany) had been in service for ~12 yr, and the Shippingport

pressurized-water reactor (near Pittsburgh, PA) operated for ~22 yr.

Until recently, embrittlement of the aged cast stainless steel at reactor

operating temperatures was attributed without conclusive evidence to the

precipitation of the Cr-rich a' phase, a mechanism similar to the "475°C

embrittlement" of the ferritic stainless steels. However, despite the

commonly accepted belief, previous TEM investigations of laboratory-aged

specimens of CF-8 and -8M grade steel failed to identify the o' precipitation

after aging at temperatures below 400°C. » Furthermore, the activation

energy for embrittlement obtained from Charpy-impact tests on the CF-8 and -8M

steels was not consistent with the activation energy forks' precipitation.

That is, activation energies of only 15-24 kcal/mol•»'/° were obtained

compared to ~50 kcal/mole for an embrittlement mechanism by o' precipita-

tion. In contrast, earlier results reported for a low-silicon duplex alloy

or ferritic alloys2 yielded activation energies close to 50 kcal/mole, which



TABLE I. Chemical Conposltlon, Ferrite Content, and Ferrite Hardness of CF-8 Grade
Cast Stainleai Steel Components from Two Decommissioned Reactors

Reactor and
Component

Identifi-
cation Service

No. Years
Cosipositlon (wt X) ferrite (*)

Si Mn Ni Cr Mo Calc.

Ferrite
Vickers

Meas. Hardnesi*

KRB-BWR
Pusip Cover

KRBP-1

Shippingport-PWR 05-H7-1.
Valve Bodyb Loop A

05-117-2
Loop B

05-117-3
Loop C

-12

-22

-22

-22

0.062 0.038 1.17 0.31 8.03 21.99 0.17

0.01 10.9

34.0 287 ± 10

10.0
10.9

0.058 0.041 1.43 1.09 0.018 0.009 8.72 20.22 ~.~. .». ?
0.056 0.041 1.45 1.10 0.018 0.009 8.84 20.26 0.01 10.8

0.052 0.053 1.36 1.07 0.018 0.011 8.85 19.12 0.02 5.9 3.2

405 ± 20
420 ± 17

383 ± Ik

0.056 0.067 1.42 1,11 0.018 G.012 9.64 20.10 0.01 5.3 6.0 390 * 22

JM5-K load on ns-ai'.cd specimens, average of 20 readings.
Cold-leg check valvuu.
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indicates embrittlement by a1 formation. For temperatures below ~400°C, Cr

segregation by splnodal decomposition is possible rather than by nucloation

and growth of the Cr-rich a' phase. For cast stainless steels, low-

tenperature spinodal decomposition and subsequent precipitation of the a*

phase by nucleation and growth that is possible during long-term aging have

not been well characterized. The APFIM technique is suitable to investigate

the fine-scale microstructural modifications (̂ 2 no in size) that are expected

during spinodal decomposition.

As a basis of comparison with in-reactor aging embrittlement, a micro-

structural characterization of laboratory-aged CF-3, -8, and -8M grade steels

(300-450°C for up to 8 yr) was conducted by TEM, SANS, and APFIM. The results

showed six metallurgical processes that are associated with the thermal

embrittlement of the steels for the temperature range of 250-450°C.11 Five

processes take place in the ferrite phase: (1) spinodal decomposition

involving segregation of Fe, Cr, and Ni, (2) nucleation and growth of the o*

phase out of the spinodal structure, (3) precipitation of Ni- and Si-rich G

phase 3-10 nm in size, (4) growth of spherical M23Cg carbide ~60 nm in size,

and (5) precipitation of Y2 austenite within the ferrite. For high-carbon

(*0.04 wt % carbon) materials, long ^23^6 carbides were also observed at the

austenite-ferrite phase boundaries. Although chemical composition and

microstructure (ferrite content and distribution) have a strong influence on

aging processes, semiquantitative kinetic information has been constructed

from microstructural characterization of the laboratory-aged materials. An

approximate time-temperature diagram for the onset of the precipitation is

shown in Fig. 1. From Fig. 1, it is expected that, for reactor operating

temperatures near ~300°C, spinodal decomposition and G-phase precipitation are
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Fig. 1. Approximate TTT Diagram for the Precipitation of the G, Y£» M23**6»

a', and Spinodal Decomposition in Ferrite of Cast Duplex Stainless

Steels during Aging at Temperatures between 250 and 450°C.
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expected with the possible precipitation of the ^230^ on the austenite-ferrite

phase boundaries.

TEM examination of the KRB pump cover and Shippingport valve body

materials listed in Table I revealed a small density of G-phase precipitates,

which were usually observed in association with dislocations. Because of the

small volume fraction, distinct diffraction spots of the fee G phase could not

be observed in the selected-area diffraction pattern. Likewise, SANS

intensity versus wave vector curves did not reveal any scattering centers

corresponding to the low-volume-fraction G-phase precipitates. However, TEM

imaging indicated spinodal decomposition in the ferrite phase of specimens

from both the pump cover and valve body. Figure 2 shows a bright-field

mottled image from the KRB pump cover specimen that is characteristic of a

spinodal decomposition. The mottled images result from nonuniform oxidation

during jet-thinning in the ferrite grain over an extremely small distance

(•̂2 nm) because of a nonuniform distribution of Fe and Cr that was produced

from the spinodal decomposition. To confirm the spinodal decomposition, the

1 2
pump cover specimen was analyzed by APFIM at Oxford University in England.

The results shown in Fig. 2A reveal one-to-one correspondence between the

local Cr enrichment and the Fe and Ni depletion showing that the elemental

fluctuations are not random, but occur as a result of a spinodal

decomposition. In contrast to the binary Fe-Cr alloy, a strong fluctuation of

Ni is noted in the multicomponent ferrite of the duplex steel. The APFIM

characteristics of the spinodal decomposition of the pump cover material were

essentially similar to those of the laboratory-aged specimens reported

previously.^ Besides the spinodal decomposition and G phase, none of the

platelike a', Y2» o r spherical t^t^ phases could be observed in the ferrite

phase of either the pump cover or the valve body specimens.
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Fig. 2. Microstructures of Reactor-aged Cast Stainless Steel Components of

Table I, (A) APFIM Profiles of Cr, Ni, and Fe of the KRB Reactor Pump

Cover Showing Spinodal Decomposition of Ferrite, (B) Bright-Field TEH

Image of the Ferrite of (A), (C) t^Cg on Nonmigrated Austenite-

Ferrite Boundary of (A), and (D) M 2 3C^ on Migrated Austenite-Ferrite

Boundary of the Shipptngport Reactor Valve.
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The structures of the austenite-ferrite boundaries of the pump cover and

valve body specimens are shown in the TEM dark-field images of Fig. 2C and D,

respectively. M23C6 carbides were observed on nonmigrated original boundaries

of austenite and ferrite for the pump cover specimens (Fig. 2C). In contrast,

the austenite-ferrite boundary (Fig. 2D) migrated ~1600 nm during the ~22-yr

service of the Shippingport check valve. Discontinuous M23C6, which formed

during the fabrication process, can be observed at the lower right of

Fig. 2D. The nearly continuous fc^Cg (upper-left) precipitated during

service, and the cracks (denoted by arrow) formed during jet thinning of the

thin-foil specimen. The cracks indicate a faster corrosion rate for the Cr-

depleted local regions near the ^23Cb carbides. The effect, if any, of such

Cr-depleted regions on the stress-corrosion cracking susceptibility has not

yet been determined. The austenite-ferrite boundary shift, such as Fig. 2D,

reduces the ferrite content somewhat during aging. Similar shifts have been

also observed for some laboratory-aged heats of CF-8 and -8M grade steels.

In summary, the present investigation indicates that the primary embrit-

tlement processes of the CF-8 grade cast stainless steel components during

extended reactor service are spinodal decomposition of the ferrite phase and

M23^6 carbide precipitation on the austenite-ferrite boundaries. The ferrite

hardness measured for the Shippingport reactor valves (see Table I) appears to

reflect the different extent of spinodal decomposition among the different

valves which contain slightly different Cr contents. G-phase precipitation

was minimal compared to that during accelerated aging of CF-8 steel in the

laboratory (i.e., near 400°C). This indicates that the activation energy may

be strongly influenced by the synergism among the G-phase precipitation,

carbide formation, and spinodal decomposition.
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