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a b s t r a c t

Ageing of cast duplex stainless steels (DSS) is attributed to the decomposition of the ferrite: spinodal
decomposition and precipitation of G-phase particles. This leads to an increase in hardness and a
decrease in Charpy toughness. According to the literature, spinodal decomposition is accepted to play a
major role on the hardening even if the role of G-phase precipitation on mechanical properties is still not
clear. This work links microstructural characterization performed using atom probe tomography to
micro-hardness of the ferrite for a wide variety of duplex steels (from cast steels with and without Mo to
lean steels) aged under different conditions. An attempt to quantify the contribution of both spinodal
decomposition and G-phase precipitation is made by applying linear and square superposition principle
of Ardell, Orowan and a modified BKS models. The models used are shown to give an excellent estimation
of the experimental values of the hardness increase of the ferrite of the cast and lean steels for a wide
range of composition and temperature. This work shows that, conversely to what is said in the literature,
spinodal decomposition is not systematically the main contributor to hardening.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Cast duplex stainless steels (DSS) used in the primary circuit of
2nd generation nuclear power plant endure thermal ageing at
service temperature (285 �C-323 �C). It has been known for a very
long time that these steels are prone to thermal ageing [1,2]. The
ageing impacts the mechanical properties (toughness decreases
and hardness increases). The evolution of the mechanical proper-
ties depends on the DSS composition [3e9]. DSS with Mo, which
also contain a bigger amount of nickel to keep a good ratio between
Pareige).
ferrite and austenite are known to agemore [3e5,7,9] than Mo-free
steels. The ageing of DSS is attributed to the decomposition of the
ferrite: spinodal decomposition into regions enriched in iron (a)
and regions enriched in chromium (a’), and precipitation of G-
phase particles enriched in Ni, Si, Mn and Mo when present. The
difference of ageing behavior is due to difference in kinetics of the
phase transformations [5,10]. The movement of dislocations is
modified by the concentration gradient induced by spinodal
decomposition on the one hand and by the G-phase precipitation
on the other hand. The role of each phase on the hardening is still
not clear. There is large agreement in the literature that spinodal
decomposition is the main contributor to hardening, but dis-
agreements exist on the role of G-phase particles: some authors
show a minor role of G-phase particles [11e13] whereas others
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claim the inverse [14,15]. The aim of this paper is to quantify the
relative contribution of spinodal decomposition and G-phase par-
ticles on hardness. After presentation of the materials and the
experimental techniques, the hardening models used for spinodal
decomposition and G-phase precipitation are presented. The
method to obtain the parameters needed for each model are
explained and discussed. In the last part of the article, the results
obtained on Mo-free grade in the framework of this study together
with previous results obtained on Mo-bearing grades aged in
similar conditions [5,16] are used to explain the differences in
hardening evolution. Finally, the models are also applied to lean
DSS hardening.
2. Materials and methods

2.1. Materials

The duplex steels studied in this present work areMo-free steels
and Mo-bearing steels provided by Electricit�e de France (EDF).
These steels were heat treated either at 1050 �C or 1100 �C during
several hours to fix the ferrite content. Composition and ageing
treatment for each alloy are provided in Table 1 together with the
volume fraction of ferrite. The ferrite compositions are given in
Table 2.

One of the objectives of the surveillance programme carried out
by EDF is to follow and anticipate the evolution of the mechanical
properties of the components made of these steels and to correlate
these properties to the decomposition of the ferrite. Service tem-
perature ranges from 285 �C to 323 �C. To predict long-term DSS
behaviors different ageing temperature was studied between
300 �C and 400 �C.

In order to compare the different kinetics performed at different
temperatures, time-temperature equivalence was applied. Consid-
ering that evolution of the microstructure is thermally activated,
the following relationship can be used to calculate the equivalent
ageing time at 323 �C (teq 323C) from the ageing time at temper-
ature T (tT):

teq323�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 effective activation energy in the temperature range [323 �C-
400 �C]. Q have been evaluated to 243 kJ/mol in good agreement
with [5,10,16e19]. The equivalent ageing time is calculated at
323 �C because it is the maximum temperature of the cooling
system in PWR. The activation energy was calculated considering
the wavelength evolution of the spinodal decomposition by
Table 1
Composition of steels in wt %. Also, the volume fraction of ferrite (d(%)), intervals of agei

Steel (wt %) Cr Ni Si Mo Mn C

A-350 [5,16] (Mo-bearing) 21.0 9.81 1.12 2.60 0.66 0.0
A-325 [5,16] (Mo-bearing)
B [5,16] (Mo-bearing) 20.1 11.68 1.12 2.49 0.81 0.0

C [6] (Mo-free) 20.3 8.40 0.95 0.04 0.84 0.0
D (Mo-bearing) 20.9 10.60 1.00 2.60 0.60 0.0
E (Mo-free) 19.9 8.47 0.81 0.18 0.44 0.0
F (Mo-free) 19.9 8.15 0.75 0.24 0.37 0.0
G (Mo-bearing) 21.7 9.61 0.94 2.64 0.82 0.0

I (ferritic alloy) 23.5 6.24 1.39 3.72 0.46 /
comparing value of the wavelength of spinodal decomposition
obtained in the ferrite of the steel A-325with the values obtained in
Mo-bearing steels aged at 350 �C of Table 1. This is justified by the
fact that both G-phase precipitation and spinodal decomposition
have the same activation energy in the temperature range [323 �C-
400 �C] [19].

It is worth to note that alloy I, is a purely ferritic alloy having the
same composition as the ferrite in one of Mo-bearing alloys. B and
G alloys were reannealed at 550 �C for 2 h after their initial heat
treatment (Table 1). The microstructural characterization of A-350,
B and C steels aged at 350 �C were performed by Pareige et al. [5,6]
and Novy [16].

2.2. Methods

2.2.1. Microstructural characterization
APT experiments of the ferrite of D, E, F, G, I and reannealed B

alloys were conducted using a local electrode atom probe, LEAP
4000 HR (CAMECA). For the alloys A, B and C ECoTAP and ECo-
WATAP were used [5,6]. During experiments, specimens were
cooled down to 40e50 K in order to mitigate preferential field
evaporation of chromium. Atoms were evaporated by applying an
electric pulse of 20% of the DC voltagewith a pulse repetition rate of
200 kHz and with a detection rate equal to 0.3%. The detector ef-
ficiency is 36%. The basic principle of APT technique may be found
in different books or articles [20e22]. APT samples were prepared
either by focus ion beam (FIB) or by standard electro polishing
methods from 0:3� 0:3� 10 mm3 parallelepiped sample. For the
latter, two electrolytes were used (75% acetic acid/25% perchloric
acid solution and a 2% perchloric acid diluted in 2-butoxyethanol
solution). 3D reconstructions were performed using IVAS soft-
ware (CAMECA) and the data were analyzed using the three-
dimensional data software for atom probe users developed by
GPM Rouen. For reconstruction, an image compression factor equal
to 1.5 and a field factor value between 3.6 and 5 (depending on the
analyzed sample and on the fact that samples were on micro-
coupon or not) were used. Field factor values were adjusted so as
interplanar distances corresponding to the detected crystallo-
graphic directions are correct for each experiment.

To characterize the spinodal decomposition, two parameters
were used: the wavelength and the amplitude. The mean wave-
length of the spinodal decomposition (l) was estimated using
autocorrelation functions calculated from 1D Cr concentration
profiles [23]. The profiles were drawn by extracting volumes of
square cross section of 1� 1 nm2 from the whole analyzed volume
and by moving a 1� 1� 1 nm3 box along the z axis with a step
value of 0.1 nm. The wavelengths were derived from the first two
peaks of each auto-correlation profile. The mean wavelengths have
ng time and the ageing temperature are given.

Fe d(%) Ageing time intervals (h) Ageing temperature (�C)

3 Bal. 29.5 2500e75,000 350
72,000 325

3 Bal. 17 100,000e200,000 350
200,000 h at 350 �C þ 2 h at 550 �C

3 Bal. 12 2500e100,000 350
3 Bal. 21 90,000e200,000 300
3 Bal. 13.5 30,000e200,000 350
3 Bal 13.5 30,000e100,000 350
3 Bal. 28.5 2400 400

2400 h at 400 �C þ 2 h at 550 �C
Bal. 100 10,000 400
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Table 2
Composition of ferrite in at % obtained by APT measurement. N.M.: Not measurable.

Ferrite (at %) Cr Ni Si Mo Mn C Cu Fe

A-350 [5,16] (Mo-bearing) 27.38± 0.12 5.42± 0.06 2.59± 0.04 2.09± 0.04 0.54± 0.02 N.M 0.05± 0.01 Bal.
A-325 [5,16] (Mo-bearing)
B [5,16] (Mo-bearing) 27.51± 0.11 5.48± 0.06 2.62± 0.04 2.57± 0.04 0.70± 0.02 0.02± 0.01 0.05± 0.01 Bal.
C [6] (Mo-free) 26.11± 0.12 3.51± 0.97 2.56± 0.02 0.03± 0.01 0.21± 0.01 0.01± 0.01 N.M Bal.
D (Mo-bearing) 28.34± 0.11 6.42± 0.06 2.46± 0.04 1.88± 0.03 0.45± 0.02 N.M N.M Bal.
E (Mo-free) 25.25± 0.01 4.78± 0.02 1.80± 0.01 0.20± 0.02 0.31± 0.01 0.02± 0.01 0.02± 0.01 Bal.
F (Mo-free) 26.06± 0.03 4.40± 0.03 1.74± 0.01 0.14± 0.02 0.32± 0.01 0.03± 0.01 0.02± 0.01 Bal
G (Mo-bearing) 25.98± 0.02 6.19± 0.02 2.27± 0.02 2.09± 0.04 0.74± 0.01 0.04± 0.01 0.04± 0.01 Bal.
I (ferritic alloy) 24.96± 0.02 5.86± 0.01 2.73± 0.01 2.14± 0.01 0.46± 0.01 N.M / Bal.
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been calculated over at least 50 concentration profiles for each APT
volume and from at least three different tips for each condition. The
uncertainty on the wavelengths is equal to two times the standard
deviation calculated over more than 300 values of wavelength per
condition.

The method proposed by Zhou et al. [24] using the radial dis-
tribution function analysis (RDF) permitted the assignment of
composition to a and a0 zones. The amplitude of spinodal decom-
position is defined by DCr ¼ CCra0 � CCra , where CCra0 and CCra are
the Cr concentration in a’ and a zones respectively.

Regarding G-phase precipitation, the radius of the particles and
the number density were calculated for each analysis. To isolate G-
phase particles from a and a’ zones, the iso-position filter [6,21,25]
was applied using the concentration threshold XNiþSiþMnþMo> 15%.
The threshold corresponds to the value for which the concentration
histogram of the randomized data set of same composition is
negligible (<0.01%) [25]. Fe shells are sometimes observed around
particles after applying the iso-position filter. These shells were
removed using an erosion method. Once the Fe shells were
removed, the particle radius (RG) of each individual particle was
calculated. For more information on the atom-probe characteriza-
tion procedure, refer to Lefebvre et al. [21]. The number density of
the G-phase particles was determined by the ratio of the number of
the observed precipitates to the overall analyzed volume.

The in-core composition of the G-phase particles is obtained
from the plateau observed on the erosion profiles.

2.2.2. Mechanical characterization
Mechanical tests were performed by micro-hardness measure-

ments using the procedure implemented by EDF. For each sample,
thirty measurements were performed in ferrite grains with Vickers
indenter with a load of 50 g and a dwell time equals to 15 s. Mean
and standard deviation are calculated over the 10 highest values.
Three times the standard deviation is subtracted from the mean to
define a threshold. Only measurements above this threshold are
considered for the final calculation. A minimum of 15 values is
mandatory. The final average micro-hardness value (HV0.05) and
the final standard deviation value are calculated over the selected
measurements (the uncertainty is equal to 2s). With this method,
lower hardness values influenced by austenite are excluded.

2.3. Hardening models and input data

Because hardening of the ferrite during ageing is due to the
development of spinodal decomposition and G-phase precipitation,
contributions of the two phase transformations have to be
considered.

2.3.1. Spinodal hardening model
The movement of dislocations is modified by the development

of spinodal decomposition. To estimate the obstacle strength,
different hardening models exist [26e29]. Both Cahn and Ardell
models [28,29] calculate the critical resolved shear stress tCRSS
necessary to initiate dislocation slip in the case of a microstructure
made of periodic sinusoidal concentration fluctuations as in the
case of spinodal decomposition. Concentration amplitude and
wavelength of the sinusoids are the two parameters the critical
resolved shear stress depends on. The advantage of the Ardell
model over the Cahn model is to consider the diffuse character of
the spinodal decomposition and the fact that spinodal decompo-
sition is not made of perfect sinusoidal concentration waves. For
this reason, the Ardell model has been chosen to account for the

hardening from spinodal decomposition. ta=a
0

CRSS is given by the
following equation:

t
a=a0

CRSS ¼ bððDCCrÞdYÞ
5
3

�
bl
G

�2=3

(2)

where: b is the obstacle strength, DCCr and l are the amplitude and
the wavelength of the spinodal decomposition as measured using

APT respectively, d ¼ a
a
0 �aa
a
a
0 is lattice mismatch between a and a0, Y

is equal to Y¼ [(C11þ2C12) (C11-C12)]/C11 calculated from the pure
iron elastic constants [29], b is the Burgers vector of edge disloca-
tions in BCC and G is the line tension of the dislocation. The
expression G ¼ 1

2mb
2 was used to estimate G with m, the ferrite

shear modulus of the matrix given by Ghosh et al. [30]:

mða� FeÞ ¼
�
8:407þ

X
xf
�
dm
dx

��"
1� 0:48797

�
T
Tc

�2

þ 0:12651
�
T
Tc

�3
#
*1010N=m2 (3)

where Tc is the Curie temperature of a-Fe (1043 K), T temperature,

xf and
dm
dx are the concentration of element x and the variation of the

shear modulus relative to the concentration of the solute respec-

tively. dm
dx is given in Ghosh et al. paper [30] for the different ele-

ments. The shear modulus considered for the calculation is an
average of the values obtained for the Mo bearing and Mo-free
steels and is equal to 82.9 GPa. This value agrees well standard
values for ferritic steels [30,31].

In the present study, constants have the following values:
aa0 ¼ 0.2882 nm and aa ¼ 0.2866 nm [32], b¼ 0.248 nm and
G¼ 2.55.10�9N.

2.3.2. Precipitation hardening
The G-phase appears as spherical particles [3e6,33]. Precipita-

tion hardening models have thus been used. Two models are
considered: the modified Orowan model [34] (called Orowan
model in the following) and a modified version of the Bacon, Kocks,
and Scattergood model (BKS) [35] proposed by Monnet [36].
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The critical resolved shear stress as given by themodifiedOrowan
model [34] is expressed by equation (4). This simple model is based
on the distribution of shearable obstacles over a periodic array.

tG�phase
CRSS ¼ aG mb

ffiffiffiffiffiffiffiffiffiffiffiffi
NGdG

p
(4)

where aG is the strength of G phase particles, NG and dG are number
density and diameter of the particles respectively.

Unlike the Orowan model, the BKS dispersed barrier model [35]
considers a random array of non-shearable obstacles and disloca-
tion self-stress. Recently a modified version of the BKS model was
proposed by Monnet [36] to account for the finite strength of the
obstacles (shearable precipitates). This model has been shown to
reproduce properly precipitation hardening as a function of the
shear resistance of both nanometer shearable and non-shearable
particles including temperature effect in Fe-Cr alloys [36]. The
shear stress given by the modified BKS model is expressed as:

tG�phase
CRSS ¼ mb

2pl

2
4teff
t∞

ln
�
2 D

b

�
ln
�
l
b

�
3
5

3
2

ln
�
l
b

�
(5)

where: l ¼ 1ffiffiffiffiffiffiffiffiffi
NGdG

p � dG , D ¼ dGl
dGþl , and t∞ ¼ 4500MPa [36].

In this relationship, the obstacle strength is given by teff in MPa.

This value can be compared to aG as: aG ¼
�
teff
t∞

�3
2

2.3.3. Superposition principles
Finally, to calculate the total critical shear stress of the ferrite

after ageing, contributions of both spinodal decomposition and G-
phase precipitation hardening were added. In most of the cases,
linear and square superposition of the contributions are used i.e.

ttot ¼ ½P tkj �
1=k

with k equal to 1 for linear, or 2 for square super-

position [37]. Both k values are studied and compared in the
following.

The ferrite yield stress increase, DRe, is then deduced according
to the following relationship:

DRe ¼ M � tCRSS (6)

with M the Taylor factor equal to 2.73 for polycrystalline materials
[38]. Conversion of the ferrite yield stress increase into ferrite
hardness increase is performed owing to the equation given by
Pavlina and Van Tyne [39]:

DHV ¼ DRe
2:876

(7)

3. Results

3.1. Micro-hardness measurements

The ferrite hardness of un-aged steels is given in Table 3 for each
alloy. In the following, only micro-hardness increase of the ferrite,
DHV0.05, will be considered. It is defined by DHV0.05 ¼ HV0.05(t) -
HV0.05 (t¼ 0). The alloy D is not added to the plot because the
activation energy for time-temperature equivalence between 300
and 323 �C is not determined.

Fig. 1 reports the ferrite hardness increase with ageing time. In
good agreement with the literature, two mechanical behaviors are
evidenced depending on the composition [3,4,7]: the Mo bearing
steels harden more than Mo-free steels. One can nevertheless note
two exceptions: i) G alloywhich is aMo-bearing steel does not have
the same hardness evolution than the other Mo-bearing steels.
Rather, G alloy behaves as Mo-free steels. ii) the ferritic alloy I
hardens like Mo-free steels whereas its ferrite composition is
similar to the composition of the ferrite of Mo-bearing steels.

At low equivalent ageing time, DHV0.05 difference between Mo-
bearing and Mo-free steels is already large and equals 150 HV0.05.
This difference in hardness increase rises with ageing time up to
about 250 HV0.05 and becomes nearly constant after about
200,000 h of equivalent ageing time at 323 �C.

In order to understand the gap in hardness increase between
Mo-bearing and Mo-free alloys and the behavior of alloys G and I,
the microstructural evolution of the ferrite of these alloys has been
investigated using APT, and the contributions of both spinodal
decomposition and G-phase precipitation to hardening were esti-
mated from the microstructural characterization.
3.2. Atom probe characterization

Characteristics of spinodal decomposition and G-phase precipi-
tation as determined using APT are reported in Fig. 2 and Table 3.
Fig. 2a andbpresents theevolutionof thewavelengthandamplitude
of the spinodal decomposition as a function of the equivalent ageing
time at 323 �C. Time evolution of particle radius andnumber density
of G-phase particles is shown in Fig. 2c and d respectively. In good
agreement with the literature [5,6,16], the intensity of G-phase
precipitation is much higher in Mo-bearing steels as they contain
moreG-formingelements (mainlyNi andMo). It isworthnoting that
the main difference between Mo-bearing and Mo-free grades relies
on the number density of G-phase particles. Indeed, it is not easy to
clearly distinguish two behaviors based on the characteristics of
spinodal decomposition even if a careful study of the data reveals
that lowerboundvalues ofwavelength andamplitude correspond to
Mo-free steels (blue dash line, Fig. 2a) and higher bounds to Mo-
bearing steels (green dash line, Fig. 2a). Likewise, radius of G-
phase particles are very similar in Mo-free and Mo-bearing grades
after an initial ageing at 300 �C - 350 �C. One can thus expect that
conversely towhat is said in the literature by some authors [3,14,15],
G-phaseprecipitationdoesnothaveaminor influenceonhardening.

Depending on the ageing conditions, the microstructure of the
ferrite may involve only spinodal decomposition, only G-phase
precipitation or the two of them as reported in Table 3. Accordingly,
three groups of alloys have been identified: one group for alloys
with both spinodal decomposition and G-phase precipitation
(named I-SG), a second group for which only G-phase particles are
observed (II-G) and the last group which corresponds to alloys
being only spinodal decomposed (III-S). II-G group is constituted of
alloys which have been reannealed at 550 �C for 2 h after an initial
ageing at 350 �C or 400 �C (see Table 1). During this reannealing
treatment performed at a temperature above the a/a0 miscibility
gap, the spinodal decomposition dissolved. III-S group is made of F
and I alloys. The fully ferritic steel (I alloy) does not present any G-
phase precipitation whatever the ageing time. In case of F alloy, no
G-phase particles were observed after 30,000 h at 350 �C. For
longer ageing time, F alloy enters group I-SG. The reason of the
kinetics delay is not discussed in this paper.

Table 3 summarizes the characteristics obtained by APT for each
alloys and the group they belong to.
4. Correlation between microstructure and hardening

4.1. Determination of obstacle strengths e fitting of superposition
models

Four versions of the superposition principle have been applied
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Table 3
Characteristic parameters of spinodal decomposition and G-phase particles obtained by atom probe tomography for the alloys of Table 1 together with their micro-hardness
increase and ferrite hardness of un-aged steels (HV0.05 (tv¼ 0 h)). Also indicated the group towhich they belong to (I-SG: alloys with both spinodal decomposition and G-phase
precipitation, II-G: alloys with only G-phase particles, III-S: alloys with only spinodal decomposition).

Alloy Group Ageing (h and �C) DCr (%at) l(nm) Number density (x1023m�3) Particle radius (nm) CNiþMnþSiþMo (%at) in ferrite DHVa0.05 HV0.05 (tv¼ 0 h)

A-325 I-SG 72,000 h at 325 �C 26.8± 1.0 4.1± 1.0 69.0± 3 1.0± 0.2 10.7 371± 25 308± 18
D I-SG 90,000 h at 300 �C 41.3± 0.4 3.5± 0.8 60.0± 3 0.9± 0.2 12.5 327± 85 274± 25
D I-SG 200,000 h at 300 �C 43.4± 1.0 3.9± 1.0 62.0± 3 1.1± 0.2 12.5 384± 90 274± 25
E I-SG 30,000 h at 350 �C 42.7± 0.3 4.0± 0.9 9.1± 1.0 1.1± 0.6 7 173± 58 230± 18
E I-SG 60,000 h at 350 �C 45.2± 0.2 4.0± 0.9 9.9± 1.4 1.4± 0.6 7 217± 58 230± 18
E I-SG 200,000 h at 350 �C 51.1± 0.3 5.1± 1.1 9.7± 1.0 1.5± 0.8 7 254± 71 230± 18
F I-SG 60,000 h at 350 �C 49.3± 0.2 4.4± 0.8 1.5± 0.4 0.9± 0.4 6 183± 48 239± 17
F I-SG 100,000 h at 350 �C 47.7± 0.4 5.2± 0.8 4.5± 0.8 1.2± 0.6 6 213± 45 239± 17
G I-SG 2400 h at 400 �C 51.1± 0.3 5.4± 0.9 9.9± 0.3 3.0± 0.9 12 297± 70 300± 17
B II-G Annealing 2 h at 550 �C / / 2.5± 0.3 1.9± 0.7 11.4 23± 77 293± 34
G II-G Annealing 2 h at 550 �C / / 4.4± 0.2 2.3± 0.6 12 84± 77 300± 17
F III-S 30,000 h at 350 �C 36.7± 0.3 4.1± 0.8 / / 6 148± 61 239± 17
I III-S 10,000 h at 400 �C 55.0± 0.2 6.1± 1.3 / / 11 245± 43 304± 17

Fig. 1. Hardness increase evolution as a function of equivalent ageing time at 323 �C of
the ferrite of different duplex stainless steels and a ferritic steel (I).
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to the alloys:

- Linear superposition of Ardell model for spinodal decomposi-
tion and Orowan model for G-phase precipitation (called LAO in
the following)

- Linear superposition of Ardell model and modified BKS model
for G-phase precipitation (LAB)

- Quadratic superposition of Ardell and Orowan models (QAO)
- Quadratic superposition of Ardell and modified BKS models
(QAB)

For every version of the superposition principle, values of the
obstacle strength b of spinodal decomposition and aG in case of
Orowan model or teff for modified BKS model, have been obtained
by fitting the experimental set of data in the temperature range
[323 �Ce400 �C]. The fitting has been undertaken by regression
analysis performed with least-squares optimization. Results are
provided in Table 4.

One can note the highest obstacle strength of spinodal decom-
position. Once determined, these parameters have been used to
calculate the micro-hardness increase for each of the conditions of
Table 1. The calculated hardness increases (DHVcalc) are compared
with the experimental micro-hardness increases (DHV0.05) in Fig. 3.

The calculated values of hardness increase, DHVcalc, are very
close to experimental values of hardness increase, DHV0.05 for all
four of these cases. This is the case whatever the superposition
principle used. Comparison of linear and square superposition does
not evidence any significant difference. Both linear and square su-
perposition principles give a good estimate of the experimental
values. This is also true whatever the ageing temperature of the
alloy within the temperature range [300 �Ce400 �C]. Lastly, what-
ever the group the alloys belong to and whatever they are Mo-
bearing or Mo-free grades, DHVcalc are very close to experimental
values. The models are thus able to provide a good estimate of the
micro-hardness increase of the ferrite in every case: when only
spinodal decomposition is observed, when only G-phase particles
are present or when both spinodal decomposition and G-phase
precipitation occur. Nevertheless, one can note higher R2 values
when Orowan model is considered to account for G-phase contri-
bution to hardening.

4.2. Rationalization of the difference in micro-hardness increase
between Mo-bearing and Mo-free steels e quantification of G-phase
contribution

In order to understand the difference in micro-hardness evo-
lution between Mo-bearing and Mo-free grades (Fig. 1), we will
focus on the ageing kinetics of three steels: A-350, B and C. A-350
and B are Mo-bearing, C is Mo-free. These steels have been aged at
350 �C for very long time (up to 200,000 h) (Table 1). As pointed out
previously, at the early stages of ageing, the hardness gap between
A-350 Mo-bearing and C Mo-free steels is already large and equals
150± 68 HV0.05 (Fig. 1).

In Fig. 4a, values of DHVcalc obtained by LAO superposition
principle are compared with the experimental ones. In Fig. 4b,
comparison is performed with LAB superposition principle. In both
cases, agreement is very good even if linear superposition of Ardell
and Orowanmodels seems to better fit the data at short ageing time
for Mo grades. This agrees with the observation made from Fig. 3.

Because no significant difference between linear and square
superposition has been observed, only linear superposition will be
considered in the following.

Values obtained with the different models at 2500 h of ageing at
350 �C (2.104 h of equivalent ageing time at 323 �C) are reported in
Table 5. LAO gives a difference in micro-hardness increase between
Mo-bearing and Mo-free steels of 156 HVcalc, LAB of 111 HVcalc. LAO
value is in excellent agreement with the experimental one (150
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Fig. 2. Time evolution of (a) the mean wavelength and (b) amplitude of Cr concentration of the spinodal decomposition. (c) Evolution of the radius and (d) the number density of G
phase particles in the ferrite of different duplex stainless steels and a ferritic steel (I). Blue dash line has been fitted over the wavelength values of Mo-free steels. Green dash line has
been fitted over the wavelength values of Mo-bearing steels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

Table 4
b, aG and teff obtained by fitting steels data set in the temperature range [323 �C - 400 �C] using the four superposition principles considered.

Superposition principle Ardell þ Orowan Ardell þ Modified BKS

Linear (k¼ 1) 0.63± 0.10 b 0.65± 0.13
Quadratic (k¼ 2) 0.80± 0.10 0.75± 0.13

aG Linear (k¼ 1) 0.095± 0.020 teff (MPa) 1274± 183
Quadratic (k¼ 2) 0.135± 0.015 1678± 156
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HV0.05).
Owing to these models, contributions of spinodal decomposi-

tion and G-phase particles can be separated. Fig. 4c (for Mo-
bearing) and Fig. 4d (for Mo-free) present these two contribu-
tions separately for the two linear superposition principles. Fig. 4c
reveals that G-phase precipitation is the main contributor to
hardening of the ferrite of Mo-bearing steels at the beginning of the
kinetics. After 2500 h of ageing, G-phase precipitation represents
between 66% and 77% of the hardening depending on the models
used (Table 5). The G-phase contribution decreases when coars-
ening of G-phase particles occurs. Only after 8� 105 h of equivalent
ageing time at 323 �C (~100,000 h at 350 �C, i.e. more than 10 years)
does the spinodal decomposition contribution exceed the G-phase
one. In the case of Mo-free steels, the number density of G-phase
particles is between 5 and 10 time less than in Mo-bearing
depending on the ageing time (Fig. 2, Table 3 and [6,40]). Conse-
quently, G-phase contribution is lower. Thus, the contribution of
spinodal decomposition roughly equals the G-phase one (40% (LAB)
and 64% (LAO)). Nevertheless, it is worth pointing out that the
difference between the two models is no more than the experi-
mental uncertainties. It thus seems reasonable to consider a
contribution of about 50% for spinodal and G-phase precipitation at
the early stages of ageing for the Mo-free steel. Similarly to the Mo-
bearing steels, the spinodal decomposition contribution starts to
overcome the G-phase contribution at about 4� 105 h of equivalent
ageing time at 323 �C.
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Fig. 3. Calculated micro-hardness increase (DHVcalc) versus experimental micro-hardness increase (DHV0.05) of ferrite of the duplex stainless steels of Table 1 a) LAO, b) LAB, c) QAO
and d) QAB d). The dashed line corresponds to a slope equal to 1.
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These results show that, conversely to what is said in the liter-
ature [3,13,15], spinodal decomposition is not systematically the
main contributor to hardening. The gap of 150 H V in micro-
hardness increase (DHV0.05) between Mo-bearing and Mo-free
steels at the beginning of the kinetics is mainly related to G-
phase precipitation (Table 5).

With these models, it is also possible to explain the behaviours
of alloys G and I. As a reminder, Fig. 1 showed that G and I alloys
which are Mo-bearing alloys harden like Mo-free steels. Calculation
of the hardness increase based on characteristics of phase separa-
tion agrees very well with experimental measurement (Fig. 3).
Regarding the results, one can conclude that I alloy hardens less
than ferrite of Mo-bearing steels of same composition because of
the absence of G-phase precipitation. For alloy G, G-phase particles
are present but their number density (z1023m�3) is of the order of
magnitude of Mo-free steels i.e. 5e10 times lower than those
measured in Mo-bearing steels. Consequently, the micro-hardness
is also similar to Mo-free alloy.

The question of the relative contribution of spinodal decom-
position and G-phase precipitation is not new. Some authors tried
to address the question using reannealing treatments with the goal
of dissolving the spinodal decomposed region [3,11,13,15]. Tem-
peratures that were chosen for reannealing were above the misci-
bility gap between 550 and 650 �C. Chung et al. [3,14] reannealed a
Mo free alloy 1 h at 550 �C. Danoix et al. [13] applied the same
reannealing treatment to a Mo-bearing alloy. From their study,
Chung et al. [3,14] concluded on the negligible role of G-phase
precipitation on hardening of the ferrite. Conversely, Danoix et al.
[13] claimed that G-phase precipitation contributed to hardening.
These two conclusions seem contradictory. We will show in the
following that they are not and we will explain the reasons.

Fig. 5a reports hardness increases before reannealing of the al-
loys studied by Chung et al. [3,14] and by Danoix et al. [13] together
with alloys A-350, B and C [5,6]. The Mo-bearing steel investigated
by Danoix et al. [13] behaves similarly to alloys A-350 and B.
Similarly, the Mo-free alloy investigated by Chung et al. [3,14]
shows hardness increase level of H Mo-free steel. As neither Chung
et al. [3,14] nor Danoix et al. [13] provided the full characteristics of
spinodal decomposition and G-phase precipitation, it was not
possible to apply the superposition models and calculate the
contribution of G-phase precipitation to hardening.

To overcome this problem, we proceeded as follow: Fig. 5b re-
ports the contribution of G-phase precipitation as obtained in the
previous part using LAO for both Mo-free and Mo-bearing steels.
LAO has been chosen because it gives results with a better R2 value.
The graph shows that the logarithm of the percentage of G-phase
contribution evolves linearly with the logarithm of the ageing time
in the coarsening regime (dotted lines). This is fully coherent with
the Lifshitz, Slyosov andWagner law (LSW) [41,42] which predicts a
power law evolution of the number density. Data of Danoix et al.
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Fig. 4. Evolution of the micro-hardness of the ferrite in A-350, B and C alloys with equivalent ageing time at 323 �C. a) Values of DHVcalc obtained by LAO model are plotted, b)
values of DHVcalc obtained by LAB model are plotted. In figures c) and d) G-phase and spinodal contributions to hardening are plotted separately. In the case of c) A-350 and B steels,
d) C alloy. Also indicated on c) and d), the starting point of G-phase coarsening regime.

Table 5
Hardness contributions, as given by LAO and LAB, of G-phase particles and spinodal decomposition for alloy A-350 and C aged at 350 �C during 2500 h DHV0.05 is given for each
alloys. The hardness difference between the two alloys is given too.

Linear Model LAO LAB Experimental

Alloys DHVG-phase DHVa-a0 DHVcalc DHVG-phase DHva-a0 DHVcalc DHV0.05

A-350 180 53 233 105 54 159 232± 27
C 49 28 77 19 29 48 82 ± 41
Difference between A-350 and C 131 25 156 86 25 111 150± 68
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[13] were added to the graph regarding two criteria: the equivalent
ageing time at 323 �C and the fact the alloy is Mo-bearing. The
equivalent ageing time fix the abscissa. The ordinate is such as the
dotsmust belong to the line related toMo-bearing steels (green line
in Fig. 5b). The same method applied to data of Chung et al. [3,14],
but in that case, the dot must belong to the blue dashed line (Mo-
free alloys) in Fig. 5b.

From Fig. 5b, it is possible to conclude that G-phase contribution
represents less than 20% of the hardening increase before annealing
with LAO model for the alloy studied by Chung et al. [3,14]. With
LAB,15% is obtained. These results agreewell with the conclusion of
the authors.

Concerning the alloy studied by Danoix et al. [13], in good
agreement with the authors, G-phase has a partial contribution on
the hardening with 65% for the alloy aged for 1000 h at 400 �C, 40%
for 10,000 h of ageing at 400 �C and less than 30% for 30,000 h of
ageing at 400 �C. These authors draw different conclusions because
the alloys they studied did not have the same G-phase particle
number density/size.
4.3. Comparison with LEAN alloys

The model developed in this paper also applies to lean alloys.
2101 and 2205 lean DSS grades behave mechanically as DSS with
low Mo content [43e45]. As DSS steels, both spinodal decomposi-
tion and G-phase precipitation occur. Guo et al. [12] also proposed a
hardening model to evaluate hardening due to G-phase precipita-
tion. Their model is based on the Ashby-Orowan equation [46].
Nevertheless, this model does not take into account the spinodal
decomposition contribution. With the aim at describing the evo-
lution of hardness in 2101 and 2205, LAO and LAB models have
been applied considering atom probe data obtained by Guo et al.

pareicri
Rectangle



Fig. 5. a) Evolution of ferrite hardness, HV0.05, in function of equivalent ageing time at 323 �C and b) evolution of G-phase contribution on hardening. The dash line represents the
evolution of the contribution in coarsening regime for Mo-bearing steels (green dashed line) and Mo-free steels (blue dashed line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Table 6
Hardness increase due to G-phase particles and spinodal decomposition for 2101 and 2205 grade lean steels as obtained using LAO and LAB hardening models. Alloys were
aged at 425 �C. Values estimated by Guo et al. [12] are also reported together with experimental DHvexp values.

Linear Model LAO LAB Estimated hardness G-phase by Guo. Experimental

Alloys Ageing time (h) DHVG DHVa-a0 DHVcalc DHVG DHVa-a0 DHVcalc DHVG DHV0.05

2101 100 10 16 26 5 16 21 3.5 17± 8.5
1000 36 55 91 26 56 82 32.2 79± 13.4
10,000 32 142 174 27 146 173 45 143± 18

2205 100 106 10 116 76 10 86 28.0 54.4± 11
1000 64 38 102 48 40 88 49.0 167± 34
10,000 86 101 187 78 104 182 75.5 233± 72

R. Badyka et al. / Journal of Nuclear Materials 514 (2019) 266e275274
[12]. Results are reported in Table 6. They are compared with
experimental values of hardness increase and values obtained by
Guo et al. [12]. The authors estimated the spinodal decomposition
amplitude by two methods: proxigram [47] and LBM (Lager-Baron-
Miller) method [48]. Micro-hardness increase estimations given in
Table 6 were calculated using values obtained from the latter
method. Indeed, proxigram values provide micro-hardness in-
creases much too high with respect to experimental ones. The re-
sults which are reported in Table 6 are compared with
experimental values of hardness increase and values obtained by
Guo et al. [12].

Except for 2205 alloy aged 100 h at 425 �C, the hardness increase
due to G-phase particles values agrees well with Guo et al. [12]
values. The global hardness increase obtained with LAO and LAB
agree reasonably well with experimental values showing the
applicability of the models to LEAN alloys except for 100 h at 425 �C
for grade 2205 for which the total hardness appears overestimated
and for 1000 h (grade 2205) for which hardness is underestimated.

5. Conclusion

The aim of this paper was to quantify the relative contribution of
spinodal decomposition and G-phase particles on the hardness
increase of the ferrite phase in cast duplex stainless steels during
thermal ageing. The Ardell [29] model has been considered to ac-
count for the hardening of spinodal decomposition. Either the
Orowan model or a modified version of BKS model proposed by
Monnet [34,36] has been used to take into account hardening due
to G-phase precipitation. Linear and square superposition princi-
ples have been applied. These models were used to link phase
transformation characteristics measured using APT (wavelength
and amplitude of spinodal decomposition, size and number density
of G-phase particles) with the hardness increase of the ferrite.

The models used have been shown to give an excellent esti-
mation of the experimental values of the hardness increase of the
ferrite of the cast steels (Mo-bearing and Mo-free) and lean steels
aged in the temperature range [300 �C-425 �C].

Among the four models, linear superposition of Ardell and
Orowan models gives a slightly better estimation of the experi-
mental values.

This work shows that G-phase precipitation is clearly the main
contributor to ferrite hardness increase at early stage of ageing in
Mo-bearing steels in the temperature range [323 �C-350 �C]. In Mo-
free steels contributions of both spinodal decomposition and G-
phase precipitation are similar at early stage of ageing. Conversely
to what is said in the literature, spinodal decomposition is not
systematically the main contributor to hardening.

The gap of 150 H V in micro-hardness increase between Mo-
bearing and Mo-free steels at early stage of ageing has been
shown to be mainly attributed to the G-phase precipitation whose
intensity is much higher in Mo-bearing alloys, alloys with more G-
phase forming elements.
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