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Abstract

The aging behavior, especially saturation, of JIS SCS14A cast duplex stainless steels was investigated on the basis of the
mechanical properties and microstructural changes during accelerated aging at 350 �C and 400 �C. The aging behavior of
the materials mainly proceeds via two stages. During the first stage, the generation and concentration of the iron-rich and
chromium-enriched phase in ferrite occurs by phase decomposition. The first stage corresponds to aging times of up to
3000 h at 400 �C. During the first stage, the ferrite hardness achieved is approximately 600 VHN, and the Charpy impact
energy is almost saturated. During the second stage, the precipitated chromium-enriched phase aggregates and coarsens,
and the G phase precipitation also occurs. The second stage corresponds to the aging times range of 3000–30000 h at
400 �C. During the second stage, the ferrite hardness achieved is about 800 VHN; however, further hardening exceeding
600 VHN does not influence the Charpy impact energy.
� 2005 Elsevier B.V. All rights reserved.

PACS: 81.40.Cd; 81.30.Mh; 81.40.Np; 82.80.Ej
1. Introduction

Cast duplex stainless steel is used in the primary
piping of pressurized water nuclear reactors (PWRs)
in the intermediate temperature range of 290 �C–
320 �C. However, when they are used in this temper-
ature range for extended periods of time, they can
suffer a loss of toughness and Charpy impact energy
[1–3] . Earlier studies circumstantially investigated
the mechanical properties, Charpy impact energy,
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tensile test results, and hardness for the aging tem-
perature range of 300 �C–400 �C [1–3]. According
to these studies, the loss of Charpy impact energy
is almost saturated for aging at 400 �C for up to
10000 h [1–3]. The saturation time for accelerated
aging corresponds to 4–13 years at 320 �C as esti-
mated by an Arrhenius-type relationship, if its acti-
vation energy is substituted as 100 kJ/mol. This
means that the materials are used in the saturated
state for 70% of their operating life, if the operating
life is taken as 40 years. Since the cast duplex stain-
less steels degraded while in service, some research-
ers studied the fatigue [4], corrosion fatigue [5], and
stress corrosion cracking [6,7] properties of the aged
.

mailto:yamada@inss.co.jp


48 T. Yamada et al. / Journal of Nuclear Materials 350 (2006) 47–55
materials. Therefore, it is important to evaluate the
degradation time and the properties of the aged
materials, particularly at the saturated state.

Microstructural studies of these materials
reported phase decomposition to be the main reac-
tion, wherein the ferrite decomposes into iron-rich
a and chromium-enriched a 0 [2,8–11]. The following
were reported as secondary reactions: G phase pre-
cipitation in ferrite [12–15], carbide [12–14], nitride
[13], and c2 phase [15] precipitation at the grain
boundaries. All microstructural changes, more or
less, affect the properties of the material, and the
microstructural reactions are completed at the ther-
modynamic equilibrium state at the intermediate
temperature. Hence, the saturation time of the aged
materials should be defined on the basis of micro-
structural phenomena.

The aim of this study is to evaluate the aging kinet-
ics of cast duplex stainless steel, particularly the satu-
ration time and the properties of the aged and
saturated materials, on the basis of the changes in
the microstructure and mechanical properties during
aging. The mechanical properties of aged materials
were evaluated by Charpy impact energy and Vickers
microhardness. The microstructural changes of aged
materials, especially phase decomposition and G
phase precipitation, were measured by three-dimen-
sional atom probe (3-DAP) analysis, Mössbauer
Table 1
Chemical compositions of SCS14Aa (wt%)

C Si Mn P S

Spec. 0.08 1.50 1.50 0.040 0.0
F23 0.044 1.46 0.68 0.029 0.0
F15 0.039 1.07 0.84 0.023 0.0
F8 0.047 0.79 0.90 0.026 0.0

a Mill sheet data.

Table 2
Chemical composition of each phasea (wt%)

Fe Ni Cr

F23a 63.78 5.57 25.52
F15a 64.67 5.17 24.62
F8a 63.55 5.54 25.32
F23c 66.28 9.46 20.13
F15c 66.98 9.15 19.64
F8c 65.82 10.0 20.03

a Analyzed by EDX at 20 kV using standardless method.
measurement, and transmission electron microscope
(TEM) observation. Additionally, the effects of the
microstructural products on the mechanical proper-
ties of aged materials are also estimated.

2. Experimental procedure

2.1. Specimens

The chemical compositions of the cast duplex
stainless steel SCS14A (equivalent to CF8M) centrif-
ugal castings containing 8%, 15%, and 23% ferrite
phase, denoted by F8, F15, and F23, respectively,
are shown in Table 1. The chemical compositions
of each phase are shown in Table 2. Chromium
and molybdenum are enriched in the ferrite phase,
and nickel is enriched in the austenite phase. The
bulk chemical compositions of the three materials
differ, but the chromium and nickel concentrations
of the ferrite and austenite are almost the same.

The as-received heat treatment involves holding
the SCS14A steels for 7.5 h at 1100 �C for homoge-
nization, followed by water quenching. Then, they
were aged at temperatures of 350 �C and 400 �C
for up to 30000 h using an electric furnace in air.
After aging, several aged materials underwent
recovery heating (RH) at 550 �C for 1 h to selec-
tively remove the phase decomposition.
Ni Cr Mo N

40 9–12 18–21 2–3 –
16 9.57 20.02 2.23 0.0501
08 9.28 18.80 2.14 0.0558
17 10.67 18.85 2.22 0.0562

Si Mo Mn

1.67 2.91 0.55
1.35 3.39 0.80
1.05 3.65 0.89
1.40 1.84 0.89
1.24 2.02 0.97
0.94 2.20 1.01



Fig. 1. Charpy impact energy change of SCS14A aged at 400 �C
and 350 �C as a function of aging time.

T. Yamada et al. / Journal of Nuclear Materials 350 (2006) 47–55 49
2.2. Charpy impact energy and vickers

microhardness

Charpy specimens were machined from the
unaged and aged SCS14A centrifugal castings. The
specimens had a cross section of 10 · 10 mm and a
length of 55 mm. The notches were 2 mm deep with
a 45� angle and a root radius of 0.25 mm. TheCharpy
impact test was performed at room temperature.

The aging behaviors of ferrite and austenite were
evaluated by the 25 g Vickers microhardness test.
Because of the small size of the ferrite islands, it
was necessary to take the microhardness series of
30 measurements at each aging stage, and to per-
form a selective statistical analysis. Gonzalez et al.
[16] reported that to avoid the influence of the softer
underlying austenite on thin ferrite islands, the 100
data of microhardness were measured and arranged
in ascending order. From these only the highest 20%
hardness values were used. In this study, the highest
10 of 30 measured values were used for simplicity.
Vickers microhardness for the austenite phase was
obtained as the mean of five measurements, because
the error was small.

2.3. Microstructural characterization

The phase decomposition with aging can be eval-
uated by 3-DAP analysis and Mössbauer spectros-
copy. The Cr- or Fe-enriched phase distributions
of each aging stage were evaluated by 3-DAP anal-
ysis. The mean Cr concentration of the Fe-enriched
regions in ferrite during aging was evaluated by the
decomposition fraction (y), which was obtained by
Mössbauer spectroscopy. G phase precipitation
and other precipitations were confirmed by TEM
observation and selected area electron diffraction
pattern (SADP).

All the specimens for microstructural examina-
tion were taken from the inner portion of the pipes.
3-DAP specimens were machined from the materi-
als and electro-polished to obtain needle-like speci-
mens. Mössbauer specimens were mechanically
polished and electro-polished to obtain 30–50 lm
thin foils. Mössbauer measurement was performed
at room temperature. TEM disks were electro-
polished in a solution of 450 ml methanol and
50 ml perchloric acid in the temperature range
from �50 �C to �60 �C, 40 V. TEM examination
was performed at an acceleration voltage of
300 kV with a Hitachi HF3000 transmission elec-
tron microscope.
3. Results and discussion

3.1. Change in the Charpy impact energy and

microhardness

Fig. 1 shows the change in the Charpy impact
energy due to aging at 400 �C and 350 �C. The
Charpy impact energies of F23 and F15 decrease
rapidly for an aging time shorter than 3000 h. The
decrease in impact energy almost saturates after
10000 h of aging at least in the F23 specimen. As
for the F15 specimen, the loss of impact energy does
not saturate even after aging at 400 �C for 10000 h,
but tends to saturate after longer periods of aging.
As for the F8 specimen, the impact energy does
not change even after aging at 400 �C for 10000 h.
The decrease in impact energy during aging is in
the order of F23 > F15 > F8. The saturated Charpy
impact energy of the three specimen is different
depending on the ferrite content.

Fig. 2 shows the Vickers microhardness of ferrite
and austenite during aging. The austenite hardness
does not change with aging time. But the ferrite
hardness markedly increases with aging time. For
aging at 400 �C, the ferrite hardness of F23 achieved
was about 600 VHN for 3000 h, and the Charpy
impact energy was almost saturated. After aging
for 3000 h, the ferrite hardness slowly increases to
800 VHN. The rapid ferrite hardening in the



Fig. 2. Vickers hardness change of SCS14A aged at (a) 400 �C and (b) 350 �C as a function of aging time.

Fig. 3. Isosurface reconstruction of the microstructure in the
ferrite phase of F23 materials aged at 400 �C for labeled times
(the gray surface encloses the Cr-enriched regions (Cr higher than
35 at.%)): (a) Unaged, (b) 500 and (c) 10000 h.
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300 VHN–600 VHN range is referred to as the first
stage, and slow ferrite hardening in the 600 VHN–
800 VHN range is referred to as the second stage.
The hardening rate at 400 �C is in the order of
F23 > F8 > F15. The hardening rate of the three
specimens is slightly different. With regard to the
aging at 350 �C, the hardening rate is substantially
comparable for the three specimens. The hardening
trends with aging time are almost similar regardless
of the ferrite content.

3.2. Phase decomposition of ferrite

Fig. 3 shows the chromium concentration profiles
measured in the ferrite phase of F23 by 3-DAP. The
gray surfaces are constructed by connecting posi-
tions where the Cr content is 35 at.%. The interior
of the gray surface is the region in which the chro-
mium content is enriched more than 35 at.%. In
the case of unaged materials, it is natural that the
chromium-enriched regions are very few because
the mean Cr concentration of the ferrite is 27 at.%
(25.5 wt%). After aging at 400 �C for 500 h, the
chromium-enriched regions increase much more to
produce small islands that are distributed within
distances of 3 and 5 nm. After the aging for
10000 h, most of the Cr-enriched regions are aggre-
gated to construct separated long islands. The fer-
rite matrix is separated into two regions in which
the chromium content is definitely different. The
above results indicate that the generation of iron-
rich a and chromium-enriched a 0 phase in ferrite
occurs by phase decomposition after aging at
400 �C for 500 h. Additionally, the precipitated
chromium-enriched a 0 phase aggregation and coars-
ening occur after aging at 400 �C for 10000 h.

The mean Cr concentration of the Fe-enriched
regions in the ferrite during aging was evaluated
by the decomposition fraction (y), which was
obtained by Mössbauer spectroscopy. The decom-
position fraction (y) is given by

y ¼ Ct � C0

C1 � C0

� �
� 100; ð1Þ
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where C0 is the mean Cr concentration of the un-
aged material, Ct is the mean Cr concentration of
the Fe-enriched regions of the material aged for t

hours, and C1 is the mean Cr concentration of
the Fe-enriched regions of the final aging condition.
The C1 value was estimated by the calculated
Fe–Cr–Ni ternary phase diagram [10]. The Cr
concentration of the Fe-rich regions (C0,Ct) can be
estimated by Eq. (2) [17].

hHi ¼ 33:5� 0:36XCr; ð2Þ

where hHi is the mean internal magnetic field of
57Fe in ferrite, and XCr is the Cr concentration of
Fe–XCr–5%Ni (0 < XCr < 60) system model alloys.
The mean internal magnetic field (hHi) was esti-
mated by calculation from the Mössbauer spectrum
according to the method suggested by Le Caer and
Dubois [18].

Time variations in the Cr concentration of the
ferrite matrix accompanied by phase decomposition
are examined on the basis of Eq. (1) by Mössbauer
spectroscopy. The change in the mean internal mag-
netic field (hHi) is plotted on the left axis of Fig. 4.
The values hHei are the mean internal magnetic field
of the Fe-enriched regions of the final aging condi-
tion. The values are obtained from the reference
[17], and are depicted by a dotted straight line in
the figure.

The value hHi increases rapidly during aging at
400 �C for 3000 h, and at 350 �C for 10000 h. The
decomposition fraction already achieved 70% and
90% ageing at 400 �C for 3000 h and for at 350 �C
for 10000 h, respectively. This indicates that the
mean Cr concentration of the ferrite matrix almost
Fig. 4. Mean internal magnetic field hHi change of SCS14A a
reached the final aging condition at the same time.
This is in good agreement with the 3-DAP data that
observed aggregation and coarsening of Cr-rich
regions after aging at 400 �C for 10000 h. The y
trends for aging at 400 �C in the F23 and F15 spec-
imens are almost similar, whereas the y trend of F8
indicates a more rapid phase decomposition reac-
tion. In the case of aging at 400 �C, these y trends
are in the order F8 > F15, F23. With regard to the
aging at 350 �C, y is substantially comparable for
the three specimens. The y trends for aging are
almost the same regardless of the ferrite content.
The early stage of the decomposition fraction in
the 0–70 or 90% range is equivalent to the first stage
of ferrite hardening. The above results indicate that
the concentration of the iron-rich a and chromium-
enriched a 0 phase in ferrite occurs due to phase
decomposition during ageing at 400 �C for 3000 h.
But the order of y after 70% is significantly different
when compared to the order of the second stage of
ferrite hardening. This suggests that some secondary
effects influence ferrite hardening in the second
stage.
3.3. G phase precipitation

As shown in the TEM image of Fig. 5(a), there
are fine precipitates, 4 nm in diameter, in the F23
ferrite aged at 400 �C for 10000 h. The selected area
electron diffraction pattern (SADP) consists of two
sets of diffraction patterns, that is, strong reflections
and weak ones. The former is ascribed to the bcc
ferrite. The latter has cube-on-cube orientation to
the bcc pattern. The pattern is indexed by an fcc
ged at (a) 400 �C (b) 350 �C as a function of aging time.



Fig. 5. TEM images and electron diffraction patterns of aged SCS14A for labeled conditions (c) EDS analysis of precipitation.
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phase whose lattice parameter is about 1.1 nm.
Additionally, the results of the EDS analysis of
the precipitates including the surrounding ferrite
matrix indicated the presence of 53.7 mass % Fe,
13.3 mass % Ni, 20.2 mass % Cr, 5.9 mass % Mo,
4.9 mass % Si. The compositions of Ni, Si, and
Mo are higher when compared to those of the F23
ferrite matrix listed in Table 2. The lattice parameter
is nearly equivalent to that of the G phase. There-
fore, the precipitates are identified as the G phase.
The G phase is clearly observed by TEM during
the aging time of 5000 h. In addition to this phase,
the precipitation of the Cr-enriched a 0 phase was
confirmed in the ferrite grains though the phase is
invisible in Fig. 5(a) due to the unsuitable diffraction
conditions between the electron beam and the ferrite
crystal orientation. In the case of the aging at
350 �C for 10000 h, the Cr-enriched a 0 phase and
mottled structures are visible, and SADP is charac-
terized by only a bcc phase as shown in Fig. 5(b).
Hence, no G phase precipitation has been observed
after 10000 h.

3.4. Contribution of phase decomposition and

G phase to ferrite hardness

Chung et al. [13] and Vitek et al. [14] reported
that reheat treatment for 1 h at 550 �C removes
the compositional change of ferrite derived by the
phase decomposition. To confirm the reheating
effect, the F23 specimen aged at 400 �C for
10000 h was reheated at 550 �C. Mössbauer mea-
surement showed that the mean internal magnetic
field was almost identical to that of the unaged
material after reheating. However, as shown in
Fig. 6, there is no change in the G phase precipitates
before and after the reheating. Therefore, reheating
is able to remove only the effects of phase decompo-
sition. The hardness of reheated ferrite is presented
in Fig. 7. In the case of aging at 400 �C, reheating
lowers the ferrite hardness of the aged specimen to
intermediate levels, between the aged and the
unaged ferrite hardness, for the aging times longer
than 5000 h where the G phase exists. Therefore,
the ferrite hardness retained after reheating is asso-
ciated with the G phase. In the case of the specimen
aged at 350 �C where no G phase exists, the hard-
ness recovers to the same level as that obtained
for unaged reheated ferrite. Thus, the recovery pro-
cess of the ferrite hardness suggests that ferrite hard-
ening after ageing at 400 �C for 5000 h is interpreted
in terms of the mixed contributions from the G
phase precipitates the phase decomposition. These
reheated ferrite hardness trends of the F15 and F8
specimens for aging at 400 �C are almost similar,
whereas the hardening of the F23 specimen occurs
more rapidly for the G phase precipitation. In the
case of aging at 400 �C, these reheated hardness
trends are in the order of F23 > F15, F8. As for
the 350 �C aging, the reheated hardness is substan-
tially comparable for the three specimens. The fer-
rite hardening caused by the G phase is equivalent



Fig. 6. TEM images of the 23% ferrite aged at 400 �C for 10000 h, (a) before and (b) after heat treatment at 550 �C for 1 h.

Fig. 7. Vickers hardness changes in SCS14A aged at (a) 400 �C and (b) 350 �C after recovery heating for 1 h at 550 �C as a function of
aging time.
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to that caused during the second stage of ferrite
hardening.

The contribution of the phase decomposition to
the ferrite hardness (HVPD) can be estimated by

HV PD ¼ HV � DHV G; ð3Þ

where HV is the total ferrite hardness, and DHVG is
the incremental hardness due to the G phase. Fig. 8
shows HVPD as a function of the decomposition
fraction (y). The HVPD rises with increasing y, and
reaches a value of nearly 600 VHN for 70% of y.
The HVPD does not exceed 600 VHN even after
70% of y.

As mentioned above, the first stage of rapid fer-
rite hardening is caused only by phase decomposi-
tion. At the second stage of slow ferrite hardening,
the precipitated Cr-enriched a 0 phase aggregation
and coarsening occurs, at the same time the G phase
precipitation also occurs. Generally, with regard
to the precipitation hardening mechanisms, the



Fig. 9. Relationship between the Charpy impact energy and
ferrite hardness.
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aggregation and coarsening of precipitation refer to
over aging or saturation. Therefore, the second stage
of slow ferrite hardening, i.e., exceeding 600 VHN,
is mostly caused by G phase precipitation.

3.5. Relationship between the Charpy impact

energy and ferrite hardness

As mentioned before, ferrite hardness markedly
increases, whereas austenite hardness does not
change with aging. This fact suggests a strong corre-
lation between the loss of Charpy impact energy and
ferrite hardness. Fig. 9 shows the relationship
between the Charpy impact energy and ferrite hard-
ness. In the graph, the Charpy impact energy of 15–
17% ferrite containing centrifugal CF8M steel aged
at from 300 �C to 450 �C is also plotted [19].

The Charpy impact energy decreases with
increasing ferrite hardness up to 600 VHN, and
almost saturates where it exceeds 600 VHN. The
saturated Charpy impact energy increases linearly
with the decrease in the ferrite content as shown
in Fig. 10. The extrapolation of the linear relation-
ship to zero percent of ferrite gives a Charpy impact
energy of 300 J, which is almost equivalent to the
Charpy impact energy of a 316 NG grade austenitic
stainless steel. This suggests that the saturated
Charpy impact energy can be determined by the fer-
rite content. As a result, there is a possibility that
the ferrite hardness of the final aging condition is
approximately 800 VHN or more; however, further
hardening exceeding 600 VHN does not influence
the Charpy impact energy.
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4. Conclusions

(1) The age hardening process of SCS14A cast
duplex stainless steels proceeds through two
stages, the first stage is the rapid ferrite hard-
ening during which the ferrite hardness
reaches 600 VHN, and then the second stage
is the slow ferrite hardening during which
the ferrite hardness reaches 800 VHN. The
first stage of the rapid ferrite hardening is
solely caused due to phase decomposition,
which is the generation and concentration of
the iron-rich a and chromium-enriched a 0

phase in ferrite. The second stage of slow
ferrite hardening that exceeds 600 VHN, is
mostly caused by G phase precipitation.

(2) The Charpy impact energy of the aged materi-
als decreases with ferrite hardening, and then
saturates when ferrite hardness exceeds
600 VHN. There is a possibility that the ferrite
hardness of the final aging condition is
approximately 800 VHN or more; however,
further hardening in excess of 600 VHN does
not influence the Charpy impact energy. It is
suggested that the saturated Charpy impact
energy of aged materials is mainly determined
by the ferrite content.
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