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Phase separation in ferrite of a duplex stainless steel during aging at 400 �C for up to 20,000 h has been
found to be non-uniform in nature by using atom probe tomography. Aging-induced segregation of Ni
takes place strongly at the austenite/ferrite interfaces accompanied by the formation of Ni depletion
zones (NDZs) in the ferrite in the vicinity of the interfaces. Consequently, the phase separation in the
NDZs is microscopically and kinetically different from that in the inner ferrite. The nucleation and growth
of G-phase in the NDZs are suppressed, and the growth of a0-phase is decelerated. In contrast, the G-
phase at the austenite/ferrite interfaces exhibits a delayed heterogeneous nucleation and thereafter
accelerated growth. The phase-separation difference between the NDZ and the inner ferrite results in a
gradient microstructure (from outer to inner) developing in each ferrite grain during the prolonged
aging. The strong segregation of Ni and the high decoration of G-phase at the ferrite/austenite interface
are responsible for degradation in impact toughness of the steel.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Duplex stainless steels (DSS), with high strengths, excellent
stress-corrosion resistance and good weldability, have a broad
range of engineering applications, including in nuclear power,
chemical processing, desalination and transportation industries [1].
The steels during long-term service at a temperature in the range
from 280� to 320 �C suffer with thermal embrittlement due to
phase separation of ferrite [2]. Consequently, their mechanical
properties and performances including fracture toughness [3],
stress corrosion resistance [4] and fatigue properties [5,6] deteri-
orate. A significant degradation of the DSSs during service will pose
a great risk to the safe operation of nuclear power plants. As a
result, fundamental understandings about the thermallyeinduced
microstructural evolution of the steels have drawn huge research
interests.

Thermally-induced microstructural changes of duplex stainless
steels with high Cr contents mainly involve the formation of Cr-rich
(a0) phase and Fe-rich (a) phase [7e9], as well as G-phase in ferrite
ce and Engineering, Nanjing
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because of phase separation [1,10,11]. M23C6 precipitation on
ferrite/austenite boundaries has been observed as well [12,13]. To
understand the formation of Cr-rich (a0) phase and Fe-rich (a)
phase, binary Fe-Cr alloys have been extensively studied over the
last 70 years [14e18]. The phase-separation behaviours of the Fe-Cr
alloys are found to be highly dependent on the alloy's Cr content
and aging temperature, with the a0-phase in the form of isolated
particles or vein-like structures depending on the spinodal line of
the Fe-Cr system [19e21].

Ni, as an important alloying element of DSSs, has complicated
effects on the phase separation of ferrite. Firstly, Ni addition en-
hances phase separation kinetics of the Fe-Cr alloys. J.E. Brown [22]
reported that the addition of Ni increased the rate of spinodal
decomposition by studying a series of Fe-26% Cr-(0-3-5-8)% Ni al-
loys upon aging in the temperature range from 300 to 450 �C. A
similar effect has been observed in DSSs [2]. Secondly, Ni is
responsible for the G-phase formation in the ternary Fe-Cr-Ni
system. G.T. Brown and R.T. Allsop [23], for the first time,
observed G-phase particles in a Fe-12Cr-4Ni alloy thermally aged at
450 �C in 1960. Thereafter, the G-phase was widely reported in the
DSSs. Si, Mn and Ni are reported to induce the G-phase precipita-
tion in the DSSs [8,24,25]. The spinodal decomposition of ferrite has
been found to enhance the G-phase precipitation, because the
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Fig. 1. A SEM micrograph of a duplex steel in as-cast condition.
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enrichment of the G-former elements at the a'/a inter-domains
provides favourable conditions for the formation of the G-phase
in a Mo-free DSS during aging at 350 �C [26]. Previous research has
mostly focused on the microstructural change of the inner ferrite;
this has greatly limited our understanding about phase separation
in ferrite of the DSSs.

Ferrite/austenite interfaces in DSSs are known to be important
for plastification of the neighbouring ferrite grains and crack
initiation [27], and are of significance in determining the me-
chanical properties of the steels [28,29]. To date, little work has
been done in addressing the phase separation near the ferrite/
austenite phase boundaries of the DSSs. T. Hamaoka et al. [25,30]
found that G-phase particles were small near the phase boundary
in a DSS (designated as CF3M) aged at 400 �C for 5000 h and their
number density increased with the distance from the phase
boundary. There is a lack of information regarding the segregation
of alloying elements and impurities as well as the precipitation at
the ferrite/austenite interfaces of the DSSs during thermal aging. It
is unclear if the phase separation across a ferrite grain is uniform,
and how the ferrite/austenite interface affects the nucleation and
growth of G-phase as well as the formation of Cr-rich (a0) phase and
Fe-rich (a) phase near the interface. Comprehensive investigation
of the ferrite/austenite interfaces is necessary for pinpointing the
key microstructures or phases responsible for the mechanical
properties and performance of the steels.

In this study, we systematically investigate the thermal
decomposition of a duplex steel with an emphasis on addressing
the segregation and precipitation at ferrite/austenite phase
boundaries, and the non-uniformity of phase separation in a ferrite
grain. To achieve this, a focused ion beam (FIB) has been employed
to prepare atom-probe tip samples containing d/g interfaces, to
overcome the technical difficulties in making such samples by
electro-polishing. Atom probe tomography (APT) offers a high
spatial resolution and a high chemical sensitivity, it is employed to
quantitatively characterise the distribution, partition and segrega-
tion of alloying elements and impurities in the steel. This research
aims to comprehensively address the phase-separation mecha-
nisms of the ferrite grain in the steel. By systematically measuring
the evolutions of size, number density and chemical compositions
of precipitates and phases formed in the different regions of the
ferrite grain, this research will reveal the phase-separation kinetics
in the different regions of the ferrite grain, and identify key
microstructural features important for thermal embrittlement of
the steel.
2. Experiments

A duplex stainless steel (designated Z3CN20-09M) with a
nominal chemical composition listed in Table 1 was used in this
work. The composition of the steel is similar to that used in the
primary circuit pipeline of a nuclear power plant. The typical
microstructure of the cast steel quenched in water after a homog-
enization treatment at 1100 �C for 6.5 h is shown in Fig. 1, which
consists of ferrite in a dark contrast and austenite in a light grey
contrast. The area fraction of the ferrite was measured to be less
than 20% using Ferrite Scope (Fischer Feritscope MP30). Thermal
aging of the steel was carried out at 400 �C for up to 20,000 h.
Table 1
Nominal composition of the steel.

Alloy Cr Ni Si Mn Cu

wt. % 20.12 9.73 1.04 0.96 <0.10
at. % 21.13 9.05 2.02 0.95 <0.09
Charpy V-notch impact tests at room temperature were con-
ducted on the as-cast and thermally aged samples. Charpy speci-
mens with a size of 10 mm� 10mm x 55mmwith a 45� V-notch at
the centre were machined according to the ISO standard
14556:2000 [31]. Since no thermal decomposition occurred in the
austenite of the duplex stainless steel, nano-indentation tests were
performed only on the large ferrite phases with an objective to
avoid the influence of the underlying soft austenite and edge effects
of grain/phase boundaries. Before nano-indentation, all finely-
polished specimens were slightly etched to clearly reveal ferrite
and austenite regions in the microstructures. The nano-indentation
measurements were performed by using an MTS Nano-Indenter
DCM tester with a 20 mN load. Each hardness value reported in
this work was taken from the mean of at least five nano-hardness
measurements from the ferrite of each specimen.

For atom probe tomography analysis, sharp APT tip samples
containing ferrite/austenite interfaces were fabricated by FIB mill-
ing in a Zeiss Auriga FIB/SEM, with sample preparation procedures
as summarized in Fig. 2. The region of interest containing a ferrite/
austenite interface was firstly deposited with Pt to protect it from
ion-bean damage during subsequent milling. Tilt and ion milling
were secondly performed to cut a wedge bar out from specimen, as
shown in Fig. 2a. The lift-out wedge bar specimen was thirdly cut
into individual sections after each was mounted on a pre-
sharpened tip or a micro-post of a Si micro-tip array coupon, as
shown in Fig. 2b. Annular milling, as shown in Fig. 2c, was finally
performed to produce a sharp tip with an apex radius of <50 nm,
suitable for APT analysis. With this site-specific sample preparation
method, tips containing an interface inclined to their shank axes
were consistentlymade. APTexperiments were performed by using
a CAMECA local electrode atom probe LEAP™ 4000X Si at a spec-
imen temperature of 20 K, under an ultrahigh vacuum of
2.5� 10�9 Pa, a pulsing UV laser with awavelength of 355 nm and a
laser energy of 40 pJ, at a pulse repetition rate of 200 kHz, and an
Mo Co C N S P

0.14 0.098 0.033 0.044 0.0009 0.014
0.08 0.091 0.15 0.17 0.0015 0.025



Fig. 2. FIB preparation of an APT specimen containing a ferrite/austenite interface. (a) SEM image of an FIB-milled wedge-shape bar containing a ferrite/austenite interface; (b) an
individual cut from the wedge bar mounted on a Si post; (c) annular milled the mounted sample.
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ion collection rate of 0.5% per pulse. APT data reconstruction and
quantitative analysis were carried out using the CAMECA IVAS
version 3.6.8 software.

3. Results

3.1. Hardening of ferrite and embrittlement of the steel during
thermal aging

Fig. 3a shows the evolution of nano-hardness of the ferrite in the
steel during aging at 400 �C. The nano-hardness of ferrite in the
stainless steel increased significantly with aging time. The initial
nano-hardness of the ferrite in the as-cast steel was 2.9 GPa. It
reached 8.5 GPa after 20,000 h aging. It is worthwhile noting that
the increment in the nano-hardness of the ferrite becomes less
significant after aging over 10,000 h. The evolution of impact en-
ergy of the steel with aging time is shown in Fig. 3b. The total
impact energyWt, crack initiation energyWi and crack propagation
energy Wp remarkably decreased with aging time. Before 3000 h
aging, the impact energy of the steel dropped dramatically with
aging time, whereas after 3000 h aging, the energy decreased
slowly. The reduction of the impact energy of the steel is coincident
with the increase of nano-hardness of the ferrite. To understand the
microstructures of the steel samples aged at different stages, APT
characterizations were performed on specimens aged for 0 h,
3000 h and 20,000 h.

3.2. Distributions of solutes in the duplex steel before and after
thermal aging

Fig. 4 shows atom probe analysis of an as-quench sample after a
homogenization treatment at 1100 �C. The analysed volume con-
sists of an austenite grain, a ferrite grain and their mutual phase
boundary, as seen in Fig. 4a. Cr strongly partitioned into the ferrite,
in contrast, Ni, Mn, Cu and C strongly partitioned into the austenite
Fig. 3. The evolution of nano-hardness of the ferrite (a) and the evolutio
as seen in a Cr atom map (Fig. 4a). All elements appear to be uni-
formly distributed inside each grain. This is further confirmed by
nearest-neighbour (NN) analysis of each element in the ferrite
grain, as shown in Fig. 4b. Quantitative measurements, as listed in
Table 2, confirm that the concentrations of Ni, Mn and Cu in the
ferrite are lower than those in the austenite, respectively. The
ferrite/austenite interface of the specimen was observed with a
clear enrichment of Mo, C, P and B, but a slight depletion of Fe and
Cr, and insignificant enrichment of Ni, Mn, Si and Cu, as seen in 1D
concentration profiles across the interface (Fig. 4c). This indicates
that different elements segregate differently at the ferrite/austenite
interface. Solute excess values measured at the ferrite/austenite
interface of the as-cast steel are listed in Table 3. Mo and B are the
two strongest segregants at the interface of the steel, with solute
excess values of 3.34 and 4.49 atoms/nm2, respectively. The ex-
cesses of C and P at the interface are 1.67 and 1.33 atoms/nm2,
respectively, higher than those of Mn, Si and Cu.

Fig. 5 shows atom probe examination of a specimen aged for
3000 h at 400 �C. The analysed volume consists of a ferrite grain, an
austenite grain and a ferrite/austenite interface. All elements
appear to be homogeneous inside both the ferrite and the austenite
grains by a visual examination of these atom maps (Fig. 5a). How-
ever, NN analyses of the atom pairs of alloying elements (Fig. 5b)
clearly demonstrated that Cr, Ni, Si and Mn atoms in the ferrite
slightly developed non-random distributions, as corresponding
experimental curves were parting to the left of the reference curves
(in red) with these elements in random distributions. Careful ex-
aminations of a small selected volume from the ferrite, as shown in
Fig. 5d, confirmed that interconnected Cr-rich domains (a0-phase)
and Cr-lean domains (a-phase) formed and equi-axed Ni-rich fea-
tures (G-phase) precipitated as well. The compositions of the ferrite
grain, a0-phase and matrix (a-phase) in the sample are listed in
Table 2, which were measured from 1D concentration profiles (not
shown here) across the analysed volumes, with Cr peaks and
troughs corresponding to the centres of the a0-phase domains, and
n of impact energy of the steel (b) during thermally aging at 400 �C.



Fig. 4. APT characterizations of the steel in an as-cast condition. (a) Atom maps of a reconstructed volume from a data set of the as-cast steel, with ferrite in the upper part and
austenite in the lower part; (b) Nearest-neighbour analyses of elements in ferrite of the as-cast steel; (c) 1D concentration profiles across the ferrite/austenite interface in the
analysed volume.

Table 2
Compositions (at.%) of phases in the steel aged for 0 h, 3000 h and 20,000 h at 400 �C, measured by APT. Analysis regions contain ferrite, austenite, a0 phase and the matrix (a-
phase).

Aging time Fe Cr Ni Si Mn Cu Mo

0 h ferrite bulk 61.70 ± 0.021 30.34 ± 0.014 4.13 ± 0.005 2.55 ± 0.004 0.88 ± 0.002 0.03 ± 0.00 0.09 ± 0.00
austenite bulk 66.79 ± 0.05 20.12 ± 0.03 9.52 ± 0.02 1.96 ± 0.01 1.10 ± 0.01 0.07 ± 0.00 0.07 ± 0.00

3000 h ferrite bulk 61.93 ± 0.02 29.73 ± 0.02 4.32 ± 0.01 2.62 ± 0.01 0.93 ± 0.00 0.04 ± 0.00 0.10 ± 0.001
austenite bulk 66.67 ± 0.03 20.41 ± 0.02 9.58 ± 0.01 1.94 ± 0.01 1.20 ± 0.004 0.07 ± 0.001 0.05 ± 0.001
a0-phase 41.67 ± 0.03 50.60 ± 0.03 2.94 ± 0.01 3.09 ± 0.01 1.14 ± 0.01 0.06 ± 0.001 0.15 ± 0.002
a-phase 73.31 ± 0.07 17.88 ± 0.03 5.08 ± 0.02 2.34 ± 0.01 0.78 ± 0.01 0.08 ± 0.002 0.10 ± 0.002

20,000 h ferrite bulk 61.68 ± 0.02 29.61 ± 0.01 4.22 ± 0.01 2.53 ± 0.004 0.89 ± 0.002 0.03 ± 0.001 0.11 ± 0.001
austenite bulk 66.76 ± 0.04 20.28 ± 0.02 9.46 ± 0.01 1.94 ± 0.01 1.07 ± 0.01 0.06 ± 0.001 0.03 ± 0.001
a0-phase 29.70 ± 0.02 64.19 ± 0.03 1.74 ± 0.01 2.81 ± 0.01 1.00 ± 0.004 0.04 ± 0.001 0.22 ± 0.002
a-phase 79.59 ± 0.03 10.37 ± 0.01 6.23 ± 0.01 2.30 ± 0.01 0.86 ± 0.003 0.06 ± 0.001 0.11 ± 0.001

Table 3
Solute excesses at ferrite/austenite phase boundaries (atoms/nm2) aged at 400 �C for different time.

Aging time Ni Si Mn Cu Mo B C P

0 h e 0.88 ± 0.05 0.97 ± 0.06 0.04 ± 0.01 3.34 ± 0.10 4.49 ± 0.12 1.67 ± 0.07 1.33 ± 0.07
3000 h 16.11 ± 0.23 1.96 ± 0.08 1.79 ± 0.08 0.11 ± 0.02 2.36 ± 0.09 3.18 ± 0.10 1.95 ± 0.08 0.62 ± 0.04
20,000 h 43.56 ± 0.37 8.47 ± 0.16 7.92 ± 0.16 0.33 ± 0.03 2.21 ± 0.08 1.25 ± 0.06 2.17 ± 0.08 1.03 ± 0.06
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the centres of a-phase domains, respectively. The mean concen-
trations of a0-phase and the matrix (a-phase) are the averages of
values measured at the a0-phase centres, and the matrix (a-phase)
centres, respectively. Si, Mn and Mo enrich in a0-phase rather than
in the a-phase. In contrast, Ni and Fe are lean in the a0-phase.

After 3000 h aging, in addition to Mo, C, P and B, the segregation
of Mn and Si at the ferrite/austenite interface became evident, as
seen in the 1D concentration profiles obtained across the interface
(Fig. 5c). Most strikingly, Ni developed strong segregation at the
interface, indicating that aging induced the segregation of Ni at the
interface. Solute excesses of these elements measured at the
interface are listed in Table 3. The solute excess of Ni at the interface
became 16.1 atom/nm2, the highest one over the rest of other ele-
ments Si, Mn, Mo, B and C etc. It is worth noting here that a Ni
depletion zone (NDZ) of approximately 9 nm in width was
observed to the left of the a/g interface, as seen in Fig. 5c.
Fig. 6 shows APT examination of a sample aged for 20,000 h at

400 �C. The analysed volume consists of a ferrite grain, an austenite
grain and a ferrite/austenite interface (Fig. 6a). All elements in the
austenite grain remained in a random distribution. A further
development of the phase separation of ferrite in the steel is evi-
denced. The Cr-rich domains (a0-phase), and Cr-lean domains (a-
phase) were further developed, as clearly seen in Fig. 6a and c.
Meanwhile, Ni-rich features (G-phase) in the ferrite grain reached
an average size of ~10 nm, and were enriched with Mn, Si, Cu, Mo
and P, as seen in corresponding atoms maps (Fig. 6a).

After 20,000 h aging, the segregation at the ferrite/austenite
interface developed further (Fig. 6a). In particular, the segregation
of Ni, Mn, Si and Cu at the interface became much stronger than
aged for 3000 h, as seen in Table 3 and Fig. 6b. The NDZ in the ferrite



Fig. 5. APT characterizations of the steel aged at 400 �C for 3000 h. (a) Atom maps of an analysed volume with ferrite in the upper part and austenite in the lower part; (b) Nearest-
neighbour count distributions of elements in the ferrite; (c) 1D concentration profiles across the ferrite/austenite interface in the volume; (d) 3D atoms distributions in a small
volume of 50 � 20 � 20 nm3 obtained from the ferrite region, with Ni isosurfaces (in green) at 25 at.%, Mn isosurface (in yellow) at 4 at.%, Si isosurfaces (in grey) at 7 at.%. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. APT characterizations of the steel aged at 400 �C for 20,000 h. (a) Atom maps of
the analysed volume with ferrite in the upper part and the austenite in the lower part;
(b) 1D concentration profiles across ferrite/austenite interfaces; (c) 3D atoms distri-
butions of a small volume of 50 � 20 � 20 nm3 obtained from the ferrite region, Ni
isosurfaces (in green) at 25 at.%, Mn isosurfaces (in yellow) at 4 at.%, and Si isosurfaces
(in grey) at 7 at.%. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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side near the a/g interface became about 30 nm in width (Fig. 6b),
and was free of the G-phase precipitates, as seen in the Ni map
(Fig. 6a). Careful examination revealed that the a/g interface was
highly decorated with G-phase particles (Ni, Mn, Si and Cu maps in
Fig. 6a). To our knowledge, this is the first recorded observation of
the heterogeneous nucleation of G-phase at the a/g interface and
the formation of the NDZ in the ferrite near the a/g interface. The G-
phase particles at the ferrite/austenite interface have chemical
compositions slightly different from those in the inner ferrite of the
steel aged for 20,000 h, as shown in Table 4. In particular, their Ni,
Si, Mn and Cu levels are lower than those formed in the inner
ferrite, while the Mo concentration is higher. The higher Mo con-
centration of the G-phase at the interface than that in the inner
ferrite is likely due to the strong segregation of Mo at the interface,
as seen in Fig. 6b.
3.3. Phase separation of inner ferrite in the duplex stainless steel
during aging at 400 �C

3.3.1. Evolution of a0-phase in chemistry and size
The compositions of a0-phase and the matrix (a-phase) in the

inner ferrite grains evolved significantly with aging time as listed in
Table 2. In particular, the Cr concentration difference (DCCr) be-
tween a0-phase and a-phase rose significantly, and DCMo only
increased slightly, but DCFe and DCNi decreased with increasing
aging time. This is consistent with a spinodal decomposition of
ferrite occurring in the steel during aging at 400 �C. Interestingly,
after 20,000 h aging, DCSi and DCMn all decreased in contrast to the
trend observed for DCCr.



Table 4
Compositions (at. %) of the G-phase precipitates in ferrite and on the ferrite/austenite interfaces after 20,000 h aging at 400 �C.

Fe Cr Ni Si Mn Cu Mo

G-phase at phase boundary 14.32 ± 0.14 5.68 ± 0.09 45.40 ± 0.25 19.22 ± 0.17 11.84 ± 0.13 0.42 ± 0.02 1.93 ± 0.05
G-phase in the inner ferrite 5.48 ± 0.03 2.43 ± 0.02 51.45 ± 0.09 21.44 ± 0.06 17.11 ± 0.05 0.55 ± 0.01 0.84 ± 0.01
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To better evaluate the size evolution of the a0-phase and the a-
phase domains during the spinodal decomposition in the steel, the
wavelength (l) of composition fluctuation in the ferrite was
deduced based on autocorrelation function [32e35], by using the
autocorrelation efficient plots (Fig. 7), extracted from 1D Cr con-
centration profiles measured by a small cylinder across each ana-
lysed volume (Fig. 7a and b). The measurements were performed in
a direction parallel to the shank axis of each analysed volume. It is
worth noting that similar measurement results are obtained along
a direction parallel to the austenite/ferrite interface as seen in
discussion section. The parameter k1 is the smallest mean distance
between Cr peaks and their 1st nearest neighbour Cr peaks, and k2
is the second mean distance between Cr peaks and their second
nearest neighbours, and so on. We define the mean wavelength as
the average of values ki/i, i ¼ 1e5. The results show that the mean
wavelength increases from 4.58 nm to 6.77 nm with increasing
aging time from 3000 to 20,000 h. In summary, the spinodal
decomposition of ferrite in the steel was associated with incre-
mental increases in the composition differences between a0-phase
and a-phase in Cr, Fe and Ni as well as incremental increases in the
wavelength of these spinodal phases (i.e. the growth of the a0-
phase) with increasing aging time from 3000 to 20,000 h. Si, Mn
and Mo concentrations of the a0-phase and a-phase exhibited little
changes with increasing aging time, indicating their weak parti-
tioning between the two phases.
Fig. 8. Compositions (a) and Ni:Si:Mn ratios (b) of the G-phase precipitates as a
function of the precipitate size in ferrite of the steel aged for different lengths of time.
Small precipitates less than 5 nm in diameters are in the steel aged for 3000 h aging,
3.3.2. Evolution of the G-phase precipitates in size and chemistry
Ni-rich G-phase has been reported to form in duplex stainless

steels by diffraction and composition analysis using transmission
Fig. 7. 1-dimensional Cr concentration profiles (a, b) and corresponding autocorrelation coef
the steel aged at 400 �C. (a, c) aged for 3000 h, and (b, d) aged for 20,000 h.
electron microscopy [36]. Our APT results reveal that the Ni-rich G-
phase precipitates appear in the Cr-lean domains and their average
size increases from 5 nm to 10 nm with an increase in aging time
from 3000 to 20,000 h (Figs. 5d and 6c). The G-phase is strongly
enriched with Si and Mn, and weakly with Cu after 3000 h aging.
After 20,000 h aging, the partitioning of Cu, and Mo into the G-
phase became further enhanced, as seen in Fig. 6c. The composi-
tions of G-phase precipitates vs their sizes and aging time are
shown in Fig. 8a. Small G-phase precipitates (less than 5 nm in size)
in the sample aged for 3000 h were measured containing Ni, Si and
Mn with a Ni/Si ratio close to 2.57, but a high Ni/Mn ratio of 4.64
and significant amounts of Fe and Cr. As their sizes increased, the
Ni/Si ratios became close to 2.26, Ni/Mn ratio was close to 2.85.
Their Fe and Cr contents dropped significantly among precipitates
ficient profiles (c, d) of Cr concentration fluctuations measured from the inner ferrite of

and large precipitates are in the steel aged for 20,000 h.
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with sizes less than 7 nm, and became less than 1 at. % while their
sizes are larger than 7 nm. The number density of G-phase pre-
cipitates decreased from 3.79 ± 0.004 � 1022/m3 to
0.89 ± 0.003 � 1022/m3 during aging between 3000 and 20,000 h,
confirming that G-phase passed its nucleation stage and was in the
growth regime.

4. Discussion

Thermal aging of the steel at 400 �C not only incurred the phase
separation of the inner ferrite, but also induced the segregation of
Ni and Si at the ferrite/austenite interface and the formation of a Ni
depletion zone (NDZ) in the ferrite in the vicinity of the ferrite/
austenite interface. To gain a full picture of phase separation in
ferrite of the steel, it is important to know how the phase separa-
tion occur in the NDZ of ferrite as well as segregation at the
austenite/ferrite interface.

4.1. Segregation at the austenite/ferrite interface and formation of
NDZ

Segregation at the austenite/ferrite interfaces of DSSs has
seldom been systematically addressed in literature. Unlike at a0/a
interfaces, the austenite/ferrite interface developed clear segrega-
tion of Mo, P, B and C impurities in the as-cast DSS quenched after a
homogenization treatment at 1100 �C (Fig. 4c), and formed small
carbon-rich features (in dark brown) thereafter during aging
(Fig. 9). Si, Mn and Cu in the as-cast steel initially had insignificant
segregation at the interface with solute excesses less than 1 atom/
nm2 (see Table 3), and Ni showed no segregation at the interface.
However, after 3000 h and 20,000 h aging, Ni segregated strongly at
the interface, with the peak concentrations of ~16 at.% and 18 at.%
Ni (Figs. 5c and 6b), respectively, confirming that aging-induced
segregation of Ni at the interface occurred. The formation of a
NDZ only in the ferrite in the vicinity of the interface (Figs. 4c, 5c
and 6b) indicates that the segregation of Ni at the a/g interface is
mainly due to the diffusion of Ni from the ferrite, rather than from
austenite. Interestingly, the segregation of G-phase former ele-
ments (Si, Mn and Cu) at the interface became stronger after aging,
with excess values twice of those in the as-cast steel. In contrast,
the segregation of C, and P did not change significantly, but the
segregation of B and Mo decreased after the aging (Table 3). This is
probably due to the growth of carbon-rich features (likely carbides)
by consumption of B and Mo atoms at the interface (Fig. 9). After
further aging to 20,000 h, the excesses of Ni, Si, Mn and Cu at the
interface are about 4 times those aged for 3000 h. This is consistent
(a) (b)

Fig. 9. Ferrite/austenite interfaces decorated with Ni-rich clusters/G-phase precipitates (view
(b) 20,000 h, with Ni atoms in green, C atoms in dark brown. Ni iso-surfaces at 25 at.%, C iso-s
reader is referred to the web version of this article.)
with the NDZ's width of about 30 nm, which is close to 3.3 times of
that found in the sample age for 3000 h, as evidenced in Figs. 5c and
6b. It is noted here that 1-D concentration profiles in Figs. 5c and 6b
and interfacial excess values in Table 3 exclude any G-phase pre-
cipitates at the austenite/ferrite interface.

It is known that austenite phase will dissolve more Ni at
isothermal aging temperature than at the homogenization tem-
perature of 1100 �C. This might lead to the diffusion of Ni from the
ferrite to the austenite during the isothermal aging and the accu-
mulation of Ni at the austenite/ferrite interface if Ni diffusion in the
austenite is too slow. In this case, it is expected that the Ni content
at the interface will not exceed a Ni content in the austenite which
is equilibriumwith the ferrite. Since the Ni content in the austenite
in the vicinity of the austenite/ferrite interface does not show any
clear increase, but Ni peak content at the interface continuously
increases over 20,000 h aging at 400 �C (see in Figs. 4e6, as well as
Table 3), it is concluded here that the observed increasing segre-
gation of Ni to the austenite/ferrite interface is unlikely driven by
the austenite-ferrite phase equilibrium at this isothermal aging
temperature. The interface segregation is more likely driven by a
lowering of the interfacial free energy, i.e. a true thermodynamic
Gibbsian interfacial excess.

4.2. Phase separation in the NDZ of ferrite

The phase separation in the NDZ is thermodynamically and
kinetically different from that in the inner ferrite. Thermodynam-
ically, the G-phase formation is suppressed; and kinetically spino-
dal decomposition to form a0-phase and a-phase is slowed-down in
the NDZ.

4.2.1. Thermodynamics: suppressed formation of G-phase
precipitates

The microstructure of ferrite near the ferrite/austenite interface
after the phase separation at 400 �C for 20,000 h can be clearly seen
by examining a thin slice of a reconstructed volume, with a0-phase
domains highlighted by isosurfaces at 25 at.% Cr (blue) and G-phase
precipitates highlighted by isosurfaces (green) at 32 at. % Ni, as
shown in Fig. 10. No G-phase is visible in the NDZ within about
30 nm to the left of the austenite/ferrite interface. This indicates
that nucleation and growth of G-phase precipitates are fully sup-
pressed in the NDZ. A similar phenomenonwas also observed in the
NDZ after 3000 h aging (Fig. 11), although the NDZ is much nar-
rower and ~9 nm inwidth. Interestingly, small G-phase precipitates
of 5 nm in size were present just outside of the NDZ (about 9 nm
away from the interface), as marked by two arrows in Fig. 11. These
ed along the interface normal) in the steel samples aged at 400 �C for (a) 3000 h, and
urfaces at 1 at.%. (For interpretation of the references to colour in this figure legend, the



Fig. 10. Phase separation of ferrite consisting of an inner ferrite region and a NDZ next
to the ferrite/austenite interface, distributed with a0-phase (in blue), a-phase (light
blue) and G-phase particles (green) in the steel aged at 400 �C for 20,000 h (left), and
autocorrelation coefficient profiles of Cr concentration fluctuation measured from the
two marked regions in the inner ferrite and the NDZ, respectively (right). Cr iso-
concentration is 32 at.%, Ni isoconcentration is 25 at.%. The image is a thin slice (1 nm
thick) taken from the reconstructed volume of an APT dataset in Fig. 6. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 11. Phase separation of ferrite with a0-phase (in blue), a-phase (in light blue) and
G-phase (green) distributing in the inner ferrite and the NDZ in the vicinity of a ferrite/
austenite interface of the steel aged at 400 �C for 3000 h (left), and autocorrelation
coefficient profile of Cr concentration fluctuation in the inner ferrite and the NDZ
(right). Cr isoconcentration is 32 at.%, Ni isoconcentration is 25 at.%. The image is a thin
slice (1 nm thick) partially taken from the reconstructed volume of an APT dataset
shown in Fig. 5. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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small G-phase precipitates within 30 nm from the interface in the
ferrite aged for 3000 h extinguished in the 30 nm thick NDZ after
20,000 h aging (Fig. 10), i.e. the dissolution of the pre-existing G-
phase precipitates occurs with the advance of NDZs during aging.
This clearly indicates that G-phase thermodynamically is unstable
in the NDZs of the steel.

The G-phase formation is reported to be sensitive to the Ni
contents of DSSs [1]. Alloy 2003 with 3.7 wt.% Ni, unlike alloy 2205
with 5.69 wt.% Ni, has no G-phase precipitation during aging at
427 �C. In our DSS, Ni content of the ferrite was measured to be in
the range of 4.13e4.32 at.%, as seen in Table 2. Ni content in the NDZ
of the alloy aged for 20,000 h, as seen in the 1D concentration
profile (Fig. 6b), decrease gradually with decreasing distance from
the austenite/ferrite interface. Within 20 nm from the interface, Ni
content drops below 4 at.% and to the minimum value of 2.5 at.% Ni
finally. Such a low Ni content may explain the suppression of G-
phase formation in the region. However, it does not work for the
NDZ between 20 and 30 nm from the interface because the Ni
content is above 4 at.% Ni. The dissolution of G-phase precipitates in
the region after 20,000 h aging must be due to being in the diffu-
sion affected zone of the interface segregation and precipitation. It
is likely that the segregation of Ni and Si at the austenite/ferrite
interface drops the system Gibbs energy much greater than the
growth of G-phase in the NDZ. As a result, the pre-existing small G-
phase precipitates within 30 nm from the interface observed after
3000 h aging (see Fig.11) dissolved completely after 20,000 h aging.

4.2.2. Kinetics: slowed-down formation of a0-phase
There is a spinodal decomposition in the NDZ as seen in Figs. 10

and 11. After 20,000 h aging, the a0-phase in the NDZwas measured
with a Cr concentration of 61.15 at.%, lower than 64.59 at.% of the a0-
phase in the inner ferrite (Table 5). In addition, the wavelength of
the Cr concentration fluctuation in the NDZ is 5.71 nm, larger than
7.08 nm of that in the inner ferrite (Fig. 10). This clearly indicates
that the spinodal decomposition in the NDZ was less developed
than that in the inner ferrite after 20,000 h aging. To evaluate the
slowdown effect of the spinodal decomposition in the NDZ, the
wavelength change of spinodal decomposition was measured to be
1.13 nm in the NDZ, less than half of the value (2.46 nm) in the inner
ferrite during aging between 3000 and 20,000 h. Therefore, it is
safe to conclude that the growth of a0-phase in the NDZ slows down
considerably in comparisonwith that in the inner ferrite during the
prolonged aging. Given that the size evolution of a0-phase should
follow r(t) ¼ krt

n , where kr is a rate constant and n is the time
exponent [37], this slowed-down growth might be correlated to a
decrease of time exponent in the NDZ. The austenite/ferrite in-
terfaces in the steel might serve as effective vacancy sinks, similar
to grain boundaries in Al alloys [38]. As a result, the vacancy con-
centration and related diffusion coefficients in the NDZ would drop
significantly. This would kinetically slow-down the decomposition
in the NDZ. It has been reported that Ni has an acceleration effect on
the spinodal decomposition of a-a0 phases [2]. The low Ni content
in the NDZ may be another factor responsible for the slow a0-phase
formation.

4.3. Nucleation and growth of G-phase on the ferrite/austenite
interface

Small Ni-rich clusters (precursor of G-Phase) were observed on
the interface (Fig. 9a) after 3000 h aging. This indicates that the
interface served as a favourable site for heterogeneous nucleation
of G-phase. It is a surprise that the Ni-rich clusters at the interface
are only approximately 1 nm in size, much smaller than those
(~5 nm) in the inner ferrite (Figs. 5d and 6c). This suggests that the
nucleation of G-phase at the interface requires a longer incubation
period than that in the inner ferrite. Ni showed a very strong
segregation at the ferrite/austenite interface with a solute excess of
16.11 atom/nm2 after 3000 h aging. This excess value is very high
because the interface would be fully occupied by Ni if the excess Ni
atoms only occupied a single atomic plane (interface). The interface
must have a very high Ni solubility, and hence causes the delayed
nucleation of the G-phase at the interface. The average composition
of these small Ni-rich clusters is 27.6 at.% Ni, 5.1 at.% Si, 3.1 at.% Mn,
0.16 at.% Cu and 1.6 at.% Mo, slightly different from those formed in



Table 5
Compositions of a0-phase (at. %) in the inner ferrite and a NDZ of the steel aged for 20,000 h.

Fe Cr Ni Si Mn Cu Mo

a0-phase Inner ferrite 32.88 ± 0.04 61.15 ± 0.07 1.78 ± 0.01 2.67 ± 0.01 0.80 ± 0.01 0.02 ± 0.001 0.25 ± 0.003
NDZ 29.23 ± 0.03 64.59 ± 0.03 1.79 ± 0.01 2.87 ± 0.01 0.99 ± 0.004 0.04 ± 0.0005 0.18 ± 0.002
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the inner ferrite region. In particular, their Mo concentrations are
higher, but Ni, Si and Mn concentrations are slightly lower.

After 20,000 h aging, G-phase particles at the interface grew to
sizes close to 10 nm in diameter (Fig. 9b), similar to those in the
inner ferrite region (Fig. 6b). The size change of the G-phase pre-
cipitates on the interface (from 1 nm to 10 nm) is much larger than
that (from 5 nm to 10 nm) in the inner ferrite, indicating that the G-
phase precipitates on the interface grow at a fast rate, twice of that
in the inner ferrite. The fast diffusion of Ni along the interface may
facilitate the fast growth of the G-phase precipitates.
4.4. Correlation between microstructure and mechanical properties
of the steel

This research, for the first time, unveils that the phase separa-
tion of a ferrite grain in the DSS is non-uniform in nature with the
strong segregation of Ni at the austenite/ferrite interface and the
formation of NDZs during a long-term thermal aging. In compari-
son with the thicknesses of ferrite grains (10e20 mm, Fig. 1), the
NDZs with thicknesses < about 30 nm should have little effect on
the nano-hardness of the ferrite. Therefore, the formation of a0-
phase and the precipitation of G-phase in the inner ferrite during
aging (Figs. 5a and 6a) are responsible for the observed hardening
effect of the steel (Fig. 3a). It is known that cracks initiate at the
austenite/ferrite interfaces of the DSSs [39], and G-phase precipi-
tation in DSSs is harmful for the impact toughness of the DSSs [1].
Since long-term aging induces the strong segregation of Ni and the
decoration of the G-phase precipitates on the interfaces, they are
likely the key microstructures responsible for the degraded impact
toughness of the steel. This implies that if the G-phase precipitation
on the interfaces and Ni segregation were restrained properly, the
fracture toughness of the DSS could be enhanced effectively. The
less-developed phase separation in the NDZ should produce aweak
hardening effect, and should make each ferrite grain possess a soft
shell. This gradient microstructure from outer to inner of the ferrite
grain could be important for crack propagation in the steel, if it
were engineered properly. More research in this area may open
new opportunities in developing alloys with enhanced impact
toughness.
5. Conclusions

Thermal aging at 400 �C had complicated effects on the
microstructure and mechanical properties of a duplex stainless
steel. Detailed APT investigations reached the following
conclusions:

1 The phase separation across individual ferrite grains are not
uniform microscopically and kinetically in the duplex stainless
steel during aging at 400 �C. The thermal aging induced the
strong segregation of Ni from ferrite towards austenite/ferrite
interfaces and the formation of Ni depletion zones (NDZs) with a
width of about 30 nm in the vicinity of the interface after
20,000 h aging.

2 Microscopically, the phase separation in the inner ferrite con-
sists of the formation of a0-phase and a-phase by a spinodal
decomposition, as well as precipitation of G-phase. In contrast,
the phase separation in the NDZ only involved the formation of
a0-phase and a-phase, with the suppression of G-phase's
nucleation and growth.

3 Kinetically, the formation of a0-phase in the NDZs was slowed
down considerably in comparison with that in the inner ferrite
during prolonged aging. This is likely due to the low Ni content
in the NDZs and slow diffusion of Cr and Fe correlated with
reduced vacancy concentrations in the NDZ.

4 The ferrite/austenite interface is a favourable site for heteroge-
neous nucleation of the G-phase in the steel. The G-phase on the
interface showed delayed nucleation but accelerated growth
during the prolonged aging. The longer incubation time for G-
phase nucleation on the interface than in the inner ferrite is
likely due to the high solubility of Ni at the austenite/ferrite
interface.

5 Among all alloying elements and impurities including Si, Mn, Cu,
Mo, B, C, P and B in the steel, Ni is the strongest segregant at the
interface with solute excesses above 16 atom/nm2 after 3000 h
aging, and 43 atom/nm2 after 20,000 h.

6 The formation of a0-phase and a-phase and precipitation of G-
phase in the inner ferrite is correlated with the hardening effect
of ferrite of the steel during the thermal aging, and the forma-
tion of G-phase on the austenite/ferrite interface and the
segregation of Ni at the interface are correlated with the
degradation in impact toughness of the steel. The slow forma-
tion of a0-phase in the NDZ leads to a ferrite grain developing a
soft shell after prolonged aging. Engineering such gradient
microstructure of ferrite could be important in controlling
fracture behaviour of the steel.
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