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a b s t r a c t

Evolution of spinodal decomposition and G-phase precipitation in ferrite of a thermally aged Mo-free
duplex stainless steel was studied by Atom Probe Tomography (APT). Kinetics was compared to ki-
netics observed in ferrite of some Mo-bearing steels aged in similar conditions. This paper shows that
formation of the G-phase particles proceeds via at least a two-step mechanism: enrichment of a/a0 inter-
domains by G-former elements followed by formation of G-phase particles. As expected, G-phase pre-
cipitation is much less intense in the Mo-free steel than in Mo-bearing steels. The kinetic synergy
observed in Mo-bearing steels between spinodal decomposition and G-phase precipitation is shown to
also exist in Mo-free steel. Spinodal decomposition is less developed in the ferrite of the Mo-free steel
investigated than in Mo-bearing steels: both the amplitude of the decomposition and the effective time
exponent of the wavelength (0.06 versus 0.16) are much lower for the Mo-free steel. Neither the tem-
perature of homogenisation nor quench effects or Ni and Mo contents could successfully explain the low
time exponent of the spinodal decomposition observed in the Mo-free steel. The diffusion mechanisms
could be at the origin of the different time exponents (diffusion along a/a0 interfaces or diffusion of small
clusters).

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Duplex stainless steels (DSS) are used in the primary circuit of
pressurized water reactor (PWR). These materials are prone to
thermal ageing at the service temperature, typically between
285 �C and 323 �C [1,2]. This ageing is due to ferrite decomposition
which leads to a decrease in Charpy toughness and an increase in
Vickers hardness [2,3]. Numerous studies have shown that the
evolution of the mechanical properties depends on the DSS
composition [3e6]. Mo-free grades which also contain a smaller
amount of nickel than Mo-bearing ones were shown to age less
[3e5]. Spinodal decomposition (development of Fe rich a zones and
Cr rich a0 zones) of the ferrite and to a lesser extent formation of G-
phase particles are recognized as the primary mechanisms of
ageing of DSS.

G-phase particles form at the interface between a and a0 regions
thereby demonstrating that aea0 decomposition and G-phase
precipitation are highly dependent [2,5,7]. Investigation of phase
Pareige).
separation of the ferrite of Mo-bearing steels [7,8] revealed kinetics
synergy between G-phase precipitation and spinodal decomposi-
tion. The intensity of G-phase precipitation is much higher in Mo-
bearing DSS than in Mo-free steels (with less G-forming ele-
ments) [7,9]. From the numerous studies of phase transformation in
these steels [1,5e7,9,10], it has been suggested that G-phase pre-
cipitation results from the rejection of Si from a domains and Ni
from a0 domains [5,10,11]. The cross flow of these species towards
the interfaces helps the nucleation of G-phase particles. Mateo et al.
[10] proposed a two-step formation mechanism of G-phase pre-
cipitates: i) fluxes of G-forming species induced by their rejection
from a and a0 domains lead to enrichment at the a/a0 inter-domains
of G-forming elements (Si, Ni, Mn and Mo), ii) when the compo-
sition of the inter-domains reaches a critical composition, G-phase
particles could form.

Spinodal decomposition was also shown to develop more
strongly in Mo-bearing steels [7]. Although the respective contri-
butions of Ni and Mo are difficult to differentiate, the contribution
of Ni seems more pronounced according to the literature [6,7,12].
Brown et al. [13] highlighted enhancement of spinodal decompo-
sition in FeeCreNi alloys with increasing Ni content. However,
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none of the previous studies in the literature undertook a study on
the kinetics of phase separation in Mo-free steels for very long
ageing times. Comparisons were only done sporadically for one or
two ageing times.

This paper aims at describing the kinetics of spinodal decom-
position and G-phase precipitation in aMo-free steel aged at 350 �C
up to 100,000 h by atom probe tomography (APT). To our knowl-
edge, this work presents the first study of the kinetics of phase
separation in Mo-free DSS at the nanoscale. After presentation of
the materials and the experimental technique, we give, owing to
the investigation of the onset of phase separation, the experimental
evidence that spinodal decomposition appears before G-phase
precipitates and that G-phase precipitate formation proceeds at
least in two steps as firstly suggested byMateo et al. [10]. In the last
part of the article, the results obtained on the Mo-free grade and
previous results obtained on Mo-bearing grades aged in similar
conditions [14,15] are compared to highlight the kinetics differ-
ences and commonalities between the two grade families. The
possible origins of the differences are also discussed.
2. Materials and experimental techniques

2.1. Materials

The duplex stainless steel studied in the present work is a Mo-
free steel provided by Electricit�e de France (EDF). This Mo-free
DSS, labelled E in the paper, was laboratory aged at 350 �C from
2500 to 100,000 h. It contains 12% of ferrite and its composition is
given in Table 1. The kinetic of phase transformation in the ferrite of
the steel E will be compared with Mo-bearing steels analysed by
Pareige et al. [14] and Novy [15]. The compositions of the latter
steels are also given in Table 1 together with the homogenization
temperature, the volume fraction of ferrite, the ageing temperature
and the intervals of ageing time. As reported in Table 1, Mo-bearing
steels were aged at different temperatures. In order to compare the
different kinetics, time-temperature equivalence was applied.
Considering that the evolution of the microstructure is thermally
activated, it is reasonable to write the evolution of the different
parameters as an Arrhenius law over the studied range of decom-
position. Such an assumption was demonstrated to be valid for the
Mo-bearing steels in Table 1 by Pareige et al. [14] and Novy [15] in
the temperature range 300�Ce350 �C. The equivalent ageing time
at 323 �C (teq 323 �C) is deduced from the ageing time at temperature
T (tT) owing to the following relationship:

teq 323 �C ¼ tT exp
�
Q
R

�
1

596
� 1

T

��
(1)

where: R is the gas constant, T is the ageing temperature (K), Q is
the activation energy governing the spinodal decomposition in the
Table 1
Composition of steel E in wt.% and at. %. Composition of Mo-bearing steels (A, B, D, CE1
temperature, intervals of ageing time and homogenization temperature are given.

Steel Cr Si Ni Mo Mn C Fe

E (wt %) 20.30 0.95 8.40 0.04 0.84 0.03 Bal.
E (at %) 21.35 1.85 7.82 0.02 0.84 0.14 Bal.
A (wt %) 21.02 1.12 9.81 2.60 0.66 0.03 Bal.
B (wt %) 20.08 1.12 11.68 2.49 0.81 0.03 Bal.
D (wt %) 20.78 1.03 11.68 2.56 0.57 0.04 Bal.
CE1 (wt %) 21.02 1.12 9.81 2.60 0.66 0.03 Bal.
CE2 (wt %) 20.45 0.94 10.32 2.63 0.85 0.03 Bal.
CE3 (wt %) 20.51 1.16 10.41 2.58 0.49 0.03 Bal.

a In-service ageing at 323 �C for 103,635 h followed by a further lab ageing at 350 �C
temperature range [323 �C e T]. The value of Q is 243 kJ/mol in the
range [323 �Ce350 �C] [7,14,16,17] and 104 kJ/mol in the range
[300 �Ce323 �C]). The latter activation energy was calculated by
comparing the value of thewavelength obtained in the ferrite of the
steel D aged at 300 �C with the values obtained in the other Mo-
bearing steels in Table 1. The low value of the activation energy
could suggest a change in mechanism at 300 �C. As we do not have
any other data at this temperature, it is not possible to discuss this
point. The same activation energy (Q ¼ 243 kJ/mol) was used to
calculate the equivalent ageing time for the Mo-free steel. Indeed,
Brown and Smith [13] who studied the spinodal decomposition
rate in model FeeCreNi alloys, showed that the Ni content does not
affect the value of the activation energy but rather the pre-
exponential term. Moreover, our goal was not to estimate the
activation energy which leads to the same ageing in Mo-free and
Mo-bearing steels but rather to study the kinetics differences be-
tween Mo-bearing and Mo-free steels. Consequently, it is impor-
tant to conserve the differences observed at 350 �C between steel E
and steels A and B that were also aged at 350 �C (Table 1) even after
time rescaling at 323 �C.

2.2. Experimental techniques

The ferrite of steel E was investigated with an energy compen-
sated wide angle tomographic atom probe (ECoWATAP) combined
with an advanced delay line position-sensitive detector (aDLD)
which minimizes the loss of information due to impact super-
position or multi-event detection [18]. The energy compensating
lens provides a high mass resolution and improves the accuracy of
composition measurements [19]. During the experiment, the
specimens were cooled down to 45 K in order to mitigate prefer-
ential field evaporation processes. Atoms were evaporated by
applying an electric pulse of 20% of the DC voltage with a pulse
repetition rate of 30 kHz. For further information about this tech-
nique, the reader is referred to [20e22]. APT samples were pre-
pared by both focus ion beam (FIB) and standard electro polishing
methods. 3D reconstructions and data processing were performed
using the 3D Data Software for Atom Probe users developed by the
GPM research group in Rouen, France (see authors affiliation). The
mean wavelength of the spinodal decomposition (la0) was esti-
mated using autocorrelation functions calculated from 1D Cr con-
centration profiles [23]. The profiles were drawn by extracting
volumes of square cross section of 1 � 1 nm2 from the whole
analysed volume and by moving a 1 � 1 � 1 nm3 box along the z
axis with a step value of 0.1 nm. At least five values of the wave-
length were derived from each autocorrelation profile and several
profiles were calculated per analysed volume. The uncertainty on
the wavelengths was taken equal to two times the standard devi-
ation calculated on the whole set of measured wavelengths for a
given ageing time.
, CE2, CE3) are given in wt. %. Also, the volume fraction of ferrite (d(%)), the ageing

d(%) TV (�C) Ageing time intervals (h) Homogenization
temperature (�C)

12 350 2500e100,000 1080
12 350 2500e100,000 1080
29.5 350 2500e72,000 1120
17 350 100,000e200,000 1080
21 300 90,000e200,000 1080
29.5 325 163,219 1120
23 323 þ 350a 103,635 þ 60,000 1130
23 323 þ 350a 103,635 þ 60,000 1080

for 60,000 h.
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Fig. 1. Atom probe tomography reconstructions of the ferrite of E steel. Red lines
represent iso-surfaces obtained with XCr > 25% threshold. Black dots represent G phase
particles; XSiþNi > 15% threshold was used. (The volume represented is a 4 nm slice of
40 nm � 100 nm). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. Amplitude of Cr concentration during a/a0 decomposition in ferrite of steel E
(black squares) and in A and B Mo-bearing steels (red circles) as function of the
equivalent ageing time at 323 �C. A, B and E were aged at 350 �C. (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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Measurement of the composition of a (Fe-rich) and a0 (Cr-rich)
zones was performed using the method based on the radial dis-
tribution function analysis (RDF) proposed by Zhou et al. [24]. As
explained by the authors, this method limits the effect of the choice
of composition thresholds employed to isolate a and a0 zones.
Moreover, it has the advantage to propose a standardised method
for characterizing spinodal decomposition enabling pertinent
comparison between the various works produced within the APT
community. In the following, the evolution of the Cr concentration
field during spinodal decomposition is characterised by the Cr
concentration amplitude of decomposition DCCr ¼ Ca0 � Ca where
Ca0 and Ca are the Cr concentration in a and a0 zones respectively as
calculated with the method proposed by Zhou et al. [24].

To distinguish G-phase particles from a and a0 zones, a filter in
composition called “iso-position” [25] was applied using the con-
centration threshold XNiþSi > 15% for the ageing time of 2 500 h and
XNiþSi > 20% for the longer ageing times (�10,000 h). These
thresholds ensure that all the G-phase particles are detected and
that no ghost G-phase particles are selected. Fe shells are some-
times observed around particles. These shells were removed using
an erosion method. Once the Fe shells were removed, the radius of
each individual particle was deduced from its number of atoms (n)
(R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3nVat=4pQ3
p

where Q¼ 0.5 is the detector efficiency; Vat¼ a3/
2 is the atomic volume with a ¼ 0.286 nm the lattice parameter of
the ferrite). The number density of the G-phase particles was
determined by a simple ratio of the number of the observed pre-
cipitates to the overall analysed volume. The volume fraction was
defined as the ratio of the number of atoms inside the precipitates
to the total number of collected atoms. Three different methods
were used to measure the in-core composition of the G-phase
particles: i) measurements performed in the core of each cluster by
placing a small box inside, ii) erosion profiles and iii) radial profiles.
For ii) and iii) methods, in-core composition was obtained by only
considering the atoms belonging to the plateau of the composition
profile. In all cases, isobaric overlaps were corrected. Compositions
obtained by these three methods were shown to be very similar
[26].

3. Results and discussion

3.1. Phase transformation in the ferrite of the steel E (Mo-free steel)

3D reconstructions of the ferrite of E DSS at each ageing time are
presented in Fig. 1. As expected, a well-developed interconnected
structure of Cr atoms associated with a/a0 spinodal decomposition
is revealed. After 10,000 h of ageing, well-defined G phase pre-
cipitates at the a/a0 interface are observed. This precipitation of G-
phase in Mo-free DSS has been reported by several authors [1,6,9].
The microstructural evolution of the ferrite in the E steel is quali-
tatively similar to the one observed by Pareige et al. in Mo-bearing
steels at the same temperature and the same range of ageing time
[14].

Conversely, after 2500 h of ageing, the G-phase particles are not
well defined. Many of them spread over the a/a0 interface, others
are already spherical (Fig. 1). Their number density and their size
are very sensitive to the value of the threshold used to distinguish
them from a and a0 zones. It is the beginning of the precipitation of
the G-phase.

The time evolution of the decomposition amplitude for a/a0

decomposition is given in Fig. 2. No plateau is observed even after
100,000 h of ageing at 350 �C. Composition measurements of a and
a0 zones show that the Cr concentration still evolves in both a and a0

zones after 100,000 h of ageing [26].
The evolution of la0 as function of the equivalent ageing time at

323 �C is presented in Fig. 3. A power law Atn is observed with
n ¼ 0.07 which is a very low value with respect to both classical
exponents for spinodal decomposition (0.16e0.18 [27,28]) and
values observed for Mo-bearing steels (Fig. 3 and [7,14]). To our
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Fig. 3. Time evolution of the mean wavelength of the spinodal decomposition in the
ferrite of steel E (black squares) and in Mo-bearing steels A, B, D, CE1-CE3 of Table 1.
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knowledge, it is the first time that a so small exponent is reported
for the evolution of the wavelength of spinodal decomposition in
ferrite of DSS but it is also the first time that kinetics of spinodal
decomposition is studied in Mo-free steel. Low values (between
0.078 and 0.097) were reported by Hamaoka et al. [29] in a Mo-
bearing steel aged at different temperatures. Nevertheless, the
authors did not evaluate the evolution of the wavelength but
instead the evolution of the width of the a0 rich zones. These low
time exponents agree well with the time exponent of the width of
the spinodal decompositionmeasured by Pareige at al [14]. in steels
A and B. In DSS steels, all the characteristic lengths do not behave
with the same time exponent. In FeeCr alloys, the smallest value
measured for thewavelength was 0.12 in a Fee32%Cr by Lasalle and
Schwartz [30]. It is not possible at this stage to know if this
behaviour is representative of all Mo-free steels or only of the steel
E. Further investigation of other Mo-free steels is needed to
conclude on this point.

The composition of the G-phase particles at the different ageing
times is reported in Table 2. Time evolution of the radius, number
density and volume fraction of G-phase particles are presented in
Fig. 4. Both a significant enrichment in G-former elements and an
increase in radius of G-phase particles are observed between 2
500 h and 10,000 h of ageing at 350 �C. As already mentioned
above, this gives a strong indication of the fact that G-phase pre-
cipitation is only at an early stage at 2,500 h of ageing whereas
spinodal decomposition is already well developed. These obser-
vations confirm that phase transformation in ferrite starts firstly by
a/a0 spinodal decomposition and that G-phase precipitate forma-
tion at a/a0 interface results from the rejection of G-forming species
from a and a0 domains as firstly suggested by Chung and Leax [5]
and Danoix et al. [11]. But more importantly, these results also
Table 2
Composition (at.%) of G-phase particles in steel E aged at 350 �C between 2 500 h
and 100,000 h (between 2 � 104 h and 8.4 � 105 h of equivalent ageing time at
323 �C).

Ageing time
at 350 �C (h)

2500 10,000 30,000 100,000

Fe 54.3 ± 2.2 45.2 ± 1.6 40.5 ± 0.6 39.3 ± 1.0
Cr 15.5 ± 1.8 10.6 ± 1.0 10.5 ± 0.4 11.2 ± 0.7
Ni 16.6 ± 3.0 26.5 ± 1.5 26.9 ± 0.6 27.1 ± 0.9
Si 10.9 ± 1.8 12.5 ± 1.1 14.8 ± 0.5 15.8 ± 0.7
Mn 2.0 ± 1.2 4.4 ± 0.7 6.5 ± 0.3 5.7 ± 0.5
Mo 0.2 ± 0.2 0.2 ± 0.2 0.14 ± 0.05 0.17 ± 0.08
give the first experimental confirmation that formation of the G-
phase particles proceeds at least via a two-step mechanism as
suggested by Chung and Leax [5] and Mateo et al. [10]. The latters
proposed that in a first stage, fluxes of G-forming species induced
by their rejection from a and a0 domains lead to enrichment at the
a/a0 inter-domains in G-forming elements (Si, Ni, Mn and Mo). In a
second stage, when the composition of the inter-domains reaches a
critical composition, G-phase particles form. This two-step model
appears coherent with the current measurements and observa-
tions. Nevertheless, it must be emphasized that APT does not give
information on the crystallographic structure but only on compo-
sition. Consequently, we cannot be sure that the structure of the
small particles observed is the one of the G-phase. Hence, it is not
unlikely that the small G-forming enriched particles observed in
the APT volumes are in fact precursors of G-phase particles and
thus correspond to one more step on the ongoing process of G-
phase particle formation. The only way to conclude on this point
would be to be able to characterize the structure of these small
precipitates by high resolution transmission electron microscopy
(HRTEM) or TEM. But it is not quite that simple considering their
small size and their probable coherency with the surrounding
phases [31].

If one excludes this early stage of formation of G-phase particles
and focuses on longer ageing times (i.e. from 10,000 h of ageing at
350 �C and ~8.4 � 104 h at 323 �C), the effective time exponent of
the time evolution of the G-phase particle radius (0.06) is equal to
the one of la0 (Figs. 3 and 4). Regarding the time evolution of
number density and volume fraction of G-phase particles (Fig. 4c
and b), two regimes are visible: firstly, simultaneous increase in
number density and in volume fraction up to about 200,000 h in
equivalent ageing time at 323 �C (or 30,000 h of ageing at 350 �C),
secondly, a decrease in number density whereas the volume frac-
tion behaves asymptotically towards its equilibrium value which is
about 1.6%. These behaviours observed in the second regime are a
signature of the coarsening regime of the G-phase particles.

3.2. Comparison with Mo-bearing steels e discussion

DCCr versus time plots for A and BMo-bearing steels are given in
Fig. 2 together with the plot obtained in steel E. Fig. 3 compares the
evolution of la0 for all Mo-bearing steels investigated together with
the steel E. These figures clearly show that spinodal decomposition
is less developed in steel E than in Mo-bearing steels: both the
amplitude of the decomposition and the effective time exponent of
the wavelength are much lower in the steel E.

The low time exponent for the steel E may not be assigned to the
early time CahneHilliard (CH) linear regime for at least two rea-
sons: i) if observed, this regime should only concern very early
stages of ageing and not the overall kinetics as it is the case for steel
E and ii) as reported in Refs. [26], the integrated intensity I(q)
curves measured by SANS for steel E does not show any time-
independent intersection point, whereas it is expected by the CH
linear theory or even by the CahneHilliardeCook (CHC) theory.

Three other possible explanations can be discussed.

- One explanation is the influence of homogenization tempera-
ture. Several works reported that the homogenization temper-
ature may have strong influence on the evolution of the ferrite
decomposition [5,13,30]. Nevertheless, as reported in Table 1,
the homogenisation temperature of steel E is the same as of
steels B, D and CE3 and close to the homogenization tempera-
ture of the others (difference is less than 50 �C). Moreover, ac-
cording to Figs. 3 and 4, one can note that such a difference of
less than 50 �C does not seem to have influence on the kinetics
observed in the ferrite of Mo-bearing steels: one observes the
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Fig. 4. Evolution of the radius (a), the volume fraction (b) and the number density (c) of G phase particles.

Fig. 5. Width (s-curve) of the frequency distribution of Cr atoms in ferrite of A and E
as-received steels as function of the sampling size (number of atoms per sampling
block). The width of the binomial distribution is displayed for comparison. The bino-
mial distribution represents a random distribution of atoms.

C. Pareige et al. / Journal of Nuclear Materials 465 (2015) 383e389 387
same time evolution of the wavelength, of the radius of G phase
particles and their number density.

- A second explanation is quench effects and related non-linear
effects. Carmesin et al. [32] investigated the influence of
quenching procedure on the initial stages of spinodal decom-
position using simulation. By simulating quenching, they high-
lighted that there was no longer a unique intersection point for
the structure function S(k) and that the shift of the maximum
position of S(k) (i.e. the mean wavelength) depended only
weakly on time. These simulated behaviours provide a good
description of the behaviours observed in the present paper
(Fig. 3). Confirmation of the existence of Cr heterogeneities after
the quench (in the as-received state) in steel E was given by
statistical tests using the method proposed by Thuvander et al.
[33] performed on 3DAP volumes as reported in Fig. 5. The s-
curve represents the width of the frequency distribution of Cr
atoms in the analysed volume and s the width of the binomial
distribution corresponding to a random distribution of Cr atoms.
The experimental s-curve is well above the binomial showing
existence of Cr heterogeneities in the volume. Nevertheless,
Fig. 5 also evidences the existence of similar Cr heterogeneities
in steel A thus precluding any direct link between the hetero-
geneities observed after the quench and the low time exponent
of the spinodal kinetics in steel E. Indeed, whereas heteroge-
neities exist in steel A, a time exponent of 0.16 was observed.

- A third possible explanation are the Ni and Mo contents of the
ferrite in steel E that differ from the Mo-bearing steels as re-
ported in Table 3. The Ni and Mo concentrations are higher in
ferrite of the Mo-bearing steels than in the Mo-free steel. Ni was
shown to accelerate spinodal decomposition in FeeCreNi alloys
[2,13,34]. Conversely, according to literature [11,14,15], Mo does
not seem to play an important role for the kinetics evolution.
Indeed, the evolution of the Mo concentration in a zones, a0

zones and G phase particles is not significant before at least
30,000 h of ageing at 350 �C [11,14,15]. Nevertheless, it cannot be
ruled out that the Mo content influences the kinetics by modi-
fying the width of the miscibility gap and then the driving force
for a0 precipitation. Hayes et al.'s thermodynamic calculations
[35] on the ternary FeeCreNi system showed that the driving
force increases with Ni content for temperatures higher than
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Table 3
Composition of the ferrite of steels A, B, D, CE1, CE2, CE3 (Mo-bearing) and E (Mo-free) (in at.%).

A B D CE1 CE2 CE3 E

Fe 61.64 ± 0.12 60.81 ± 0.12 60.22 ± 0.12 61.78 ± 0.11 62.53 ± 0.09 63.53 ± 0.31 67.24 ± 0.96
Cr 27.38 ± 0.12 27.51 ± 0.11 28.34 ± 0.11 27.33 ± 0.10 28.01 ± 0.08 25.91 ± 0.29 26.11 ± 0.12
Ni 5.42 ± 0.06 5.48 ± 0.06 6.42 ± 0.06 5.61 ± 0.05 4.99 ± 0.04 5.98 ± 0.16 3.51 ± 0.97
Si 2.59 ± 0.04 2.62 ± 0.04 2.46 ± 0.04 2.33 ± 0.04 1.57 ± 0.02 2.18 ± 0.10 2.56 ± 0.02
Mn 0.54 ± 0.02 0.70 ± 0.02 0.45 ± 0.02 0.58 ± 0.02 0.66 ± 0.02 0.37 ± 0.04 0.21 ± 0.01
Mo 2.09 ± 0.04 2.57 ± 0.04 1.88 ± 0.03 2.03 ± 0.03 2.07 ± 0.03 1.89 ± 0.09 0.03 ± 0.01
C N.M.a 0.02 ± 0.01 N.M.a N.M.a N.M.a N.M.a 0.01 ± 0.01

a N.M.: No measurable.
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300 �C in the Ni concentration range of interest. But in this
respect, it is worth noting that the driving force is not expected
to modify the effective time exponent but rather the time con-
stant A of the relationship Atn. Indeed, the effective time
exponent of a phase transformation is strongly related to the
diffusion mechanism. As explained by Huse [36], the effective
time exponent of the evolution of the domain size of an inter-
connected structure must evolve gradually with time, depend-
ing on the relative weight of interface diffusion and bulk
diffusion. At short ageing times, when vacancy diffusion pro-
ceeds mainly along the interfaces, the effective time exponent is
small. Afterwards, it increases and tends progressively towards
1/3 when bulk diffusion becomes dominant [36]. This is the
reason why effective time exponents between 0.16 and 0.24 are
reported in the literature. They correspond to different stages of
the kinetics of the interconnected structure, i.e. different relative
weight of interface and bulk diffusion. This was evidenced in
FeeCr system by Ujihara and Osamura [37] and by atomistic
kinetic Monte Carlo simulations on rigid lattice by Pareige et al.
[8] in FeeCr and in a ternary system AeBeC (where A stands for
Fe, B for Cr and C for G-forming elements) [38]. The fact that no
evolution of the effective time exponent is observed neither in
Mo-bearing nor inMo-free steels, indicates that diffusion should
mainly proceeds via interface diffusion even after 200,000 h of
ageing at 350 �C. The low exponent in steel E could therefore be
due to a higher relative weight of interface diffusion with
respect to bulk diffusion. Another diffusion mechanism leading
to the slowing down of the kinetics that could be considered is a
mechanism involving the diffusion of n-mers (small clusters)
instead of monomers [28,39].

Whatever the mechanism at the origin of the slowing down of
the kinetics, this would mean that Ni and/or Mo modify the diffu-
sion mechanism. But in that case, why are the diffusion mechanism
and the associated time exponent similar in both Mo-bearing steels
with high Ni and Mo contents and binary FeeCr [30,40] with no Ni
and Mo, whereas they differ in the ferrite of Mo-free steel which
contain less Ni and Mo? If the diffusion mechanisms are really at
the origin of the different time exponents, one still has to under-
stand why these different mechanisms take place in Mo-bearing
and the steel E. The question is under investigation.

Quantitative data related to the characterisation of the G-phase
particles in Mo-bearing steels are given in Fig. 4 together with data
from the Mo-free steel. For both steel families, the G-phase particle
radius evolves with the same effective time exponent as the
wavelength: 0.15 in Mo-bearing and 0.06 in Mo-free. This was
already reported for Mo-bearing grades [7,14] but not for Mo-free.
The kinetic synergy between spinodal decomposition and G-
phase precipitation also exists in Mo-free DSS. Regarding the in-
tensity of the G-phase precipitation, as expected, the intensity of
precipitation is much less in the Mo-free DSS than in the Mo-
bearing steels which contain much more G-forming elements.
The ratio between the number density in Mo-bearing steels and
steel E varies from 5 to 9. Such differences have already been re-
ported in literature for similar steels [1,7,9]. But despite this dif-
ference, it is noticeable that for both Mo-free and Mo-bearing
grades, the coarsening regime starts after similar ageing time i.e.
about 200,000 h in equivalent ageing time at 323 �C (or 30,000 h of
ageing at 350 �C). Moreover, in both cases, the effective time
exponent of the evolution of the G-phase particle radius does not
evolve to tend towards 1/3 as expected during coarsening. This
originates from the diffusion mechanism involved during coars-
ening as we showed by kinetic Monte Carlo simulation [38]. In the
simulations, the kinetics was simulated using a simple but effective
atomic kinetic Monte Carlo model in a ternary alloy FeeCr-X where
X stands for G-forming elements. The simulations reproduced the
kinetics observed in ferrite of Mo-bearing steels. By following the
vacancy pathway, the synergy between G-phase precipitation and
spinodal decomposition was explained. We showed that coars-
ening of particles proceeded via diffusion of atoms along the in-
terfaces explaining the non-evolution of the time exponent during
coarsening but also the non-evolution of the time exponent for long
ageing time for spinodal decomposition. The results obtained in the
E Mo-free steel show the same behaviour for G-phase particles but
with a much lower number density.
4. Conclusions

In this paper, the evolution of phase transformations (spinodal
decomposition and G-phase precipitation) in ferrite of a thermally
aged Mo-free duplex stainless steel was studied and characterised
by APT. The results were compared to the evolution observed in
ferrite of some Mo-bearing steels aged in similar conditions. This
paper showed that:

- Phase transformation in ferrite starts firstly by a/a0 spinodal
decomposition and that G-phase precipitate formation at the a/
a0 interface results in the rejection of G-forming species from the
a and a0 domains. The results give experimental evidence that
the formation of the G-phase particles proceeds at least via a
two-step mechanism: G-forming enrichment at a/a0 inter-
domains followed by formation of G-phase particles when a
critical composition (and perhaps size) is reached. But as APT
does not give access to the crystallographic structure, it is not
unlikely that the small G-forming enriched particles observed in
the APT volumes are in fact precursors of G-phase particles and
thus correspond to one more step on the ongoing process of G-
phase particle formation.

- As expected, the intensity of the G-phase precipitation is much
less in the Mo-free DSS than in Mo-bearing steels which contain
much more G-forming elements. The kinetic synergy observed
in Mo-bearing steels between spinodal decomposition and G-
phase precipitation was shown to also exist in Mo-free DSS.
Moreover, for both Mo-free and Mo-bearing grades the
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coarsening regime starts after similar ageing time, i.e. about
200,000 h in equivalent ageing time at 323 �C (or 30,000 h of
ageing at 350 �C).

- Spinodal decomposition is less developed in Mo-free steel than
in Mo-bearing steels: both the amplitude of decomposition and
the effective time exponent of the wavelength (0.06 versus 0.16)
are much lower in the ferrite of the Mo-free steel. Investigation
of the kinetics in other Mo-free steels is mandatory to know if
the behaviour observed in the steel E is representative of all Mo-
free steels or not. Neither the temperature of homogenisation
nor quench effects or Ni and Mo contents could successfully
explain the low time exponent of the spinodal decomposition
observed in the Mo-free steel. The diffusion mechanisms could
be at the origin of the different time exponents (diffusion along
a/a0 interfaces or n-mers diffusion). Nevertheless, one still has to
understand why different mechanisms (if they really exist)
could take place in Mo-bearing and the E steel. The question is
under investigation.
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