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Abstract

The phase separation in ferrite phase of duplex stainless steel is the primary cause of thermal

aging embrittlement of the LWR primary pressure boundary components. In this study the phase

separation of simulated duplex stainless steel was detected by Mossbauer spectroscopy and mag-

netic property analysis by VSM(Vibrating Specimen Magnetometer). The simulated duplex stainless

steels, Fe-Cr binary, Fe-Cr-Ni ternary, and Fe-Cr-Ni-Si quarternary alloys, were aged at 370 and

400°Cup to 5,340 hours. It was observed from Mossbauer spectra analysis that internal magnetic

field increases with aging time and from VSM that the specific saturation magnetization and Curie

temperature increase with aging time. These results are indicative that phase separation into Fe-rich

region and Cr-ich region is caused by thermal aging in the temperature range of 370~400C. In

cases of specimens containing Ni, the increase of specific saturation magnetization is much higher.

This implies that Ni seems to promote Fe-Cr interdiffusion, which accelerates the phase separation

into Fe-rich o phase and Crrich o phase.

1. Introductions

Cast duplex stainless steels, composed of austenite
and ferrite phases, are extensively used for primary
pressure boundary components such as primary cool-
ant pipe, valves, pump casings, and weld filler metal
in LWRs. The ferrite phase in the duplex structure
increases tensile strength and improves weldability,
resistance to stress corrosion cracking, and sound-
ness of castings. The superior properties of the cast
stainless steels result primarily from the presence of
the ferrite phase in the duplex structure. On the
other hand, it is known that feritic stainless steels
become brittle owing to the precipitaion of the &’
phase when exposed to temperatures in the range of
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300~500C for a long time [1-3].

It was reported that primary pressure boundary
components such as hot leg elbow, main valve, and
recirculation pump cover decommissioned from Rin-
ghals Unit 2, Shippingport PWR, and KRB BWR had
suffered severe degradation in impact properties [4,
5]. The significant deterioration in which the cast
stainless steels were aged at temperatures of 300~
450°C up to 70,000h has been supported by recent
studies [6,7]. Since the real aging of the components
at the end of lifetime at reactor operating temperatur-
es (280~330C) cannot be reproduced in the lab-
oratory, it is customary to simulate it by accelerated
aging at 400°C. Therefore, it is important to validate
that the mechanisms of the aging embrittlement are
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identical for the accelerated aging and reactor oper-
ating conditions. Fortunately, they are believed to be
similar and it has been demonstrated that the embrit-
tlement of aged cast stainless steels is attributed pri-
marily to Crrich « precipitation by spinodal de-
composition [7,8).

In the previous investigations, transmission electron
microscopy (TEM), small angle neutron scattering
(SANS), and atom probe field ion microscopy
{APFIM) results show that several metallurgical proc-
esses such as the precipitation of G phase, ¥z phase,
a’ phase by spinodal decomposition, and MzsCs for-
mation can be the causes of aging embrittlement in
the duplex stainless steel [6-8]. Microhardness analy-
sis, toughness recovery, and microstructural evolution
of aged specimens following an annealing treatment
at 550°C showed that the primary mechanism for the
thermal aging embrittlement is the spinodal de-
composition of the ferrite [9]. Recently, non-destruc-
tive methods such as magnetic properties analysis by
Mossbauer spectrometer and electrochemical proper-
ties analysis are applicated to estimate the degree of
thermal aging embrittlement of duplex stainless steels
(10].

In the present study, primarily the phase separ-
ation into & phase and a” phase in the simulated du-

plex stainless steels is experimentally detected by MJs-

sbauer spectra analysis. Secondly Curie temperature
and variations in the specific saturation magnetization
of several simulated duplex stainless steels are inves-
tigated to analyze phase separation by using VSM.

2. Experiments

Mossbauer spectroscopy for duplex stainless steel
is undesirable because of the fact that austenite phas-
e in dulpex structure is paramagnetic and obscures
the detection of the paramagnetic «” phase. There-
fore, single phase ferrite alloys such as Fe-Cr binary,
Fe-Cr-Ni temary, and Fe-Cr-Ni-Si quarternary alloy
were used to analyze phase separation with Mos-
sbauer spectrometer and VSM. Their chemical com-

Table 1. Compositions of Thermally-aged Specimens

(unit: wt.%)
Heat " Cr . Ni Si Fe
HY1 25 - - Bal
HYZ2 30 - - Bl
HY3 30 5 - Bal.
HY4 30 5 2 Bal.

Velocity
Oetector

M8800
Computer

APPLE Il
Computer

Printer

Fig. 1. Schematic Diagram of Mossbauer Spectrometer

Fig. 2. Schematic Diagram of Vibrating Specimen Mag-
netometer{VSM)

positions are given in Table 1. Specimens were cut
into 1cm X 1cm thin square plates, aged at 370 and
400%C in evacuated Pyrex tube, and then abraded to
the thickness of 0.06~0.08 mm for Mossbauer spec-
tra analysis.

To detect the phase separation into Fe-rich region-
s and Crrich regions, MGssbauer spectrometer and
vibrating specimen magnetometer (VSM) were used.
The schematic diagrams of these apparatuses are
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shown in Figure 1 and 2, respectively. The operating
principles of Mossbauer spectrometry are as follows.
Electric signal from Motorola 6800 computer oper-
ates spectrometer, which drives linear drive motor.
This causes ¥-rays from *’Co source attatched to the
drive motor to get Doppler energy. The ¥-rays pass
through the specimen and arrive at detector, then
ionize mixture gas of Kr-CO; in the detector. Then
electric energy is provided for the gas mixture by ap-
plying high woltage of 1,880V. After electric signals of
ionized gas mixture are amplified by pre-amplifier
and amplifier, the signals corresponding to 14.4 keV
are detected and saved by data acquisiion system.
Mossbauer spectra were obtained in absorption ge-
ometry at room temperature using an Austin S-600
spectrometer and the relative absorption was plotted
with respect to the source velocity. Positive velocity
corresponds to the source moving towards the absor-
ber, while zero velocity is set to the centroid of the
spectrum of Fe-metal. 7source in the Mossbauer
spectroscopy was 10mCi ¥Co electrodeposited in 6
m-thick "®Rh. Doppler velocity between the source
and the absorber was controlled to +12mm/sec.
VSM analysis is based on the flux change in a coil
when the specimen vibrates around the coil. The
specimen is attached to the end of a rod as can be
seen in Figure 2. Current through the loudspeaker
vibrates the rod and specimen at 80 Hz and with an
amplitude of about 0.1 mm in a direction at right
angle to the magnetic field. The oscillating magnetic
field of the specimen induces an alternating EMF in
the detection coils. The oscillating magnetic field of
the reference specimen also induces an another EM.
F in two reference coils. The woltage signals from two
sets of coils are compared, and the difference is pro-

portional to the magnetic moment of the specimen.

Saturation magnetization with temperature was meas-

ured to estimate Curie temperature. Applied mag-
netic field for the saturation magnetization measure-
ment in the vibrating specimen magnetometer{VSM)
was S5kOe.
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3. Results and Discussion

In the first part, analysis of Mossbauer spectrum
was carried out to verify the phase separation into
Ferich and Crrich regions in aged duplex stainless
steels. In the spectrum six peaks of ¥-rays by *Fe nu-
clei are observed when these nuclei are in ferromag-
netic environments such as in a-iron below the Curie
temperature. If the *Fe nucleus is in a paramagnetic
environment, then a single paramagnetic peak, loc-
ated near zero velocity, is observed.

If both ferromagnetic and paramagnetic phases
co-exist in the alloy, six ferromagnetic peaks and a
single paramagnetic peak near zero velocity are sup-
erposed in the spectrum. The spacing between the fir-
st peak(V1) and the sixth peak(V6) is proportional to
the internal field of the iron nucleus.

The field can be characterized by the distance be-
tween two outmost ferromagnetic peaks :

H = 330(V6 - V1)/10.657 (1)

The value of 330 corresponds to the internal field
around *’Fe nucleus in pure Fe at room temperature
and 10.657 in the denominator corresponds to the
conversion of the difference between the first (V1)
and the last peak position (V6) into doppler velocity
in Mossbauer spectrum. The peak positions were de-
termined by Lorentzdan curve fitting. The spectrum
changes of specimens, HY2 (70Fe-30Cr), with aging
time up to 5,064 hours at 370°C are shown in Figure
3. It tums out that appreciable paramagnetic phase
was not formed even after 5064 hour aging since
there is no peak near zero velocity.

Based on equation (1) the internal field in the
specimen were calculated and plotted in Figure 4.
This shows that the internal field is increasing with
aging time, which obviously means that ferromagnet-
ism of the steel is increasing. When Cr leaves the «
phase, the number of Cr atoms neighboring Fe atom:
s decreases and concomitantly Fe neighbors increase.

This causes the internal field increase by Fe nuclei in
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Fig. 3. Mossbauer Spectra for Thermally-aged HY2

4

12

- Equilibrium :15% Cr

1 g i

from ref. [11]

L

'

Alloys

10

20

30 40 50
Cr Content (at. %)

Fe-rich region and Cr-rich region.
This is supported by Figure 5 drawn from Johnson

60

70

80

Fig. 5. Internal Field vs. Cr Content for Binary Fe-Cr

the ferromagnetic a-phase. In Mossbauer spectrum
analysis, in actual, the contribution of reduced *Fe
atoms in Crrich region is much less than that of
increased “Fe atoms in Fe-rich region in the total
field change, since the spectrum picks up only Fe sig-
nal. This brings about the net increase in the internal
field change, since the spectrum picks up only Fe sig-

et al.” report [11] showing that the intemal field is

decreasing with increasing Cr content. Almost ident-
ical curve can be drawn from the data of Yamamoto
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Fig. 4. Internal Field for Thermally-aged HY2 Speci-

men at 370°C

phase separation is proceeding.
Secondly, the magnetic property change of the steel-
s was identified by the measurement of Curie tem-

[12], De Nys and Gielen [13], and Roy and Solly
[14). The intenal field of 280kOe after 5,064 hour
aging in Figure 4 corresponds to about 20 at% Cr
(18 wt.% Cr), which is 5 at.% larger than the equilib-
rium Cr content in the a-phase. This is indicative
that equilibrium a’phase was not formed yet and

perature, transition temperature of ferromagnetism
and paramagnetism. For the estimation of Curie tem-

perature, saturation manetizations of thermally aged

- HY2 specimens at 400°C were measured under vac-

uum condition as a function of measured tempera-
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Fig. 7. Curie Temperature of Thermally-aged HY2 Spec-

imen at 400°C as a Function of Measured Tem-
perature

ture (Figure 6). Then Curie temperatures were de-
rived from the figure by least square curve fitting of
the three data points whose slope is maximum. They
are plotted in Figure 7. It shows that Curie tempera-
ture increases with aging time, which confirms that
ferromagnetic property of the specimen increases,
therefore the phase separation is proceeding.

Last, variations in the specific saturation magnet-
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Fig. 8. Specific Saturation Magnetization as a Function
of Aging Time at 370C
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Fig. 9. Specific Saturation Magnetization as a Function
of Aging Time at 400°C

ization of several simulated duplex stainless steels,
HY1 through HY4, were measured with aging time
to investigate the effects of alloying elements at 370
and 400°C. Specific saturation magnetization is very
useful to analyze phase change in magnetic material-
s, because it is not almost dependent to local strain
and lattice defects in materials but dependent to al-
loy composition and distribution of phases whose
magnetic properties are different from each other.
They are shown in Figure 8 and 9, respectively. It

0 1000 2000 3000 4000 5000 6000



366 dJ. Korean Nuclear Society, Volume 29, No. 5, October 1997

can be seen that specific saturation magnetization
increases with increasing Fe content. This is due to
ferromagnetic property of Fe. Distribution of specfic
saturation magnetization is in order of HYl(con-
taining 75%Fe) >HY2(70%Fe)>HY3(65%Fe) >HY4
(63%Fe). Increase in specific saturation magnetization
is also observed for all specimens with increasing ag-
ing time. This fact is indicative that Fe content
increases in « phase with aging time, that is, phase
separation into Fe-rich regions and Cr-rich regions is
proceeding with aging time. This is obviously due to
the enhanced ferromagnetic property of Fe caused
by the phase separation. This can be explained by
molecular theory and exchange energy of ferromag-
netic elements. However specific saturation magnet-
ization did not saturate yet, but increases continu-
ously with aging time. This suggests that the matrix
did not separate into Fe-rich phase and Cr-ich phas-
e completely and approach the equilibrium state.
This result is in accord with that from Mossbauer
spectra analysis.

Much higher increase in specific saturation magnet-

ization is especially observed for HY3 and HY4 spec-
imens containing Ni compared with HY1 and HY2
without Ni. In general, the rate of spinodal decompo-
sition in ternary alloy is controlled by the interdiffus-
ion coefficient. The influence of Ni on Fe-Cr interdif-
fusion seems to play an important role. This result is
in accord with Solomon’s result [15] by Mossbauer
spectra analysis. but, there is no accepted mechanism

for this accelerating effect of Ni. The effect of Si alloy-

ing element was also investigated to examine whether
it promotes phase separation by clustering with Ni
(so-called G phase) or not. But, appreciable differ-
ences in specific saturation magnetization between
HY3 (not containing Si) and HY4 (containing Si)
were not observed within the Si composition of 2%.

4. Conclusions

Undesirable phase separation by so-called spinodal

decomposition into Fe-rich and Crrich phase is the
primary cause of the embrittlement in primary press-
ure boundary components at LWR operating temper-
atures. Mossbauer spectroscopy and VSM analysis
have wverified the phase separation in the aged du-
plex stainless steels. From the experimental results
that internal field, specific saturation magnetization,
and Curie temperature increase with aging time, it is
confirmed that the ferrite phase separates into Fe-ric-
h « phase and Crrich «” phase by thermal aging in
the temperature range of 370~400C.

In cases of specimens containing Ni, the increase
of specific saturation magnetization is much higher.
This implies that Ni seems to promote Fe-Cr interdif-
fusion, which accelerates the phase separation into
Fe-rich « phase and Cr-rich a” phase.
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